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Abstract
Plasma Immersion Ion Im plantation has several unique advantages over 
conventional implantation, such as low cost, large area capability, non-line-of- 
sight features and high dose rate implantation. However, i t  is s till far from use 
in  routine production because of problems such as the ab ility  to control the ion 
depth profile in targets, the ion dose and contamination. In  th is thesis, a PH I 
system has been systematically calibrated, and a computer simulation code for 
P H I has been developed in  order to understand more clearly the physics of the 
PH I process and to optimise the experimental conditions.
In  the second part of this thesis, a new application of P H I has been 
explored, where the PH I technique has been used as a high dose-rate im plant 
treatment to form amorphous silicon nitride/oxide films on both crystalline and 
amorphous silicon substrates. The electrical properties of these films have been 
characterized. I t  shows tha t low dose nitrogen/oxygen im plantation leads to the 
modification of Schottky barrier heights or the in troduction of charged defects 
in  the materials. As the ion dose is increased, alloying effects take over, forming 
silicon nitride/oxide alloys. The a-SiN^^iH films synthesized via  P H I have electri­
cal characteristics sim ilar to those grown by PECVD, but a-8 iOg.:H has different 
electrical properties from a-SiN^:H.
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N otat ion
A: area.
Api (Langmuir) probe area.
A *: Richardson constant.
a or 6: constants.
B: magnetic field.
C: capacitance.
Cpi specific heat capacity.
Dg: the density of surface states per un it area,
e: electron charge.
Fermi energy level.
E q: incident ion energy.
E q. bottom  of conduction band (energy). 
jFy: top of valence band (energy).
E^: activation energy.
E qp  ^ or Eg\ optical band gap.
AS: the energy w id th  of one channel.
F : electric field.
Fmax' the maximum electric field in a Schottky barrier. 
FgD- (oxide) break-down field.
Hgi', height of the Si RBS spectrum.
Ti\ reduced Planck constant.
I :  current.
I q\ electron current.
I f  ion current. 
j  or J; current density.
average ion current density.
VI
J q : current density at U  =  0 , obtained by extrapolating lo g j  vs V
curves back to U =  0 .
Jg\ the diode current density at zero bias V  =  0 in a Schottky contact. 
Jy.: the reverse diode current of a Schottky diode. ^
Jrpg: the thermionic emission current.
Jrppgi the thermionic field-emission current.
J.pOT- the to ta l current.
J
3c
3e
qnQÜQ^  normalized ion current density.
Child law current density, 
electron current density, 
jgg: electron-saturation current density (Langmuir probe).
j f  ion current density. 
k: Boltzmann constant.
I: target thickness.
L: length of a Langmuir probe.
or m f  ion mass,
rrig or ttiq: electron mass,
m *: the effective electron tunnelling mass.
uq: plasma density.
n f  ion density, 
n^: electron density.
oxygen area concentration.
N f. effective density of states in conduction band.
N f.  donor im purity  density. 
p: gas pressure.
q: ion/electron charge.
Q: charge.
Tp'. (Langmuir) probe radius.
R: resistance.
s or s{t): thickness of the ion sheath (at the time t).
vu
SQ: in itia l thickness of the ion sheath (at £ =  0).
Srj.: maximum thickness of the ion sheath.
S or S {T ): (=  ^ ) ,  normalized thickness of the ion sheath (at the time
n .
t: time.
t f .  rise time of a pulse.
t j :  fa ll time of a pulse.
tpi plateau time of a pulse.
t f  to ta l time length of a pulse.
T : (=Wÿt), normalized time.
T; temperature.
Tgi electron temperature in  a plasma.
T f  ion temperature in  a plasma.
u f  ion velocity.
u q : =  the characteristic ion velocity in  the ion sheath.
UQf =  the characteristic ion velocity in the ion sheath,
which was used in a high pressure P II I  model.
Uf. average ion velocity at the target surface.
Ug: “  Bohm speed (ion sound speed).
V: voltage.
Vp'. (Langmuir) probe voltage.
Vq: voltage across the plasma ion sheath (or bias applied on the target).
Vljf. bu ilt-in  potential.
Vj^f. flat-band voltage.
Vg'. potential barrier surrounding a localized charge.
x: ion position (^-direction) in the ion sheath.
a;Q: in itia l ion position (æ-direction) in  the ion sheath (at £ =  0).
Xrj.: ion position (rc-direction) in the ion sheath at the end of a pulse.
a\ tunneling constant.
vin
/?: Prenkel-Poole constant.
ô: the thickness of the insulating interfacial layer.
-c il/2F: a parameter, (=  ^7  ^ )•
e: perm ittiv ity . ,*
gQ: pe rm ittiv ity  in vacuum (8.85 x  F /cm ).
relative p e rm ittiv ity  of silicon oxide, 
relative pe rm ittiv ity  of silicon nitride.
£ f  insulator perm ittiv ity .
£ f  semiconductor perm ittiv ity , 
e: emissivity.
[e]^^; the stopping cross section factor of Si.
A^: Debye length.
A: ion-neutral mean free path.
P f  the electron mobility.
q^: (=  Fg — Fp), the energy gap between Fg and Fp.
p: charge density (volume).
Q'. weight density (volume).
E: surface-charge density.
a: (collision) cross section,
r ;  Stefan-Bolztman constant.
X f  the electron affin ity of the semiconductor.
potential.
(j)l,: barrier height.
(f) :^ flat-band Schottky barrier height.
or ( j) f  Schottky barrier height on p-type semiconductor (to holes), 
or ^g: Schottky barrier height on n-type semiconductor (to elec­
trons) .
(j)p the effective Schottky height.
A(f>ijf the change of the barrier height.
IX
the work function of the metal.
<^ yyyg: tile  metul/ semiconductor work function.
the neutral level of surface states measured from the top of F y . 
the characteristic ion frequency in the m atrix  ion sheath.
cjQ: =  the characteristics ion frequency in  the m atrix  ion sheath,
which was used in a high pressure P III  model.
electron frequency in the plasma.
D: the solid angle.
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C hap ter 1
INTRODUCTION
Ion im plantation has become a routine fabrication technique in semicon­
ductor device manufacturing. A  typical CMOS process, for example, employs 
about a dozen ion im plant steps to  form isolation wells, source/drains, channel- 
stops, threshold voltage adjusts, punch through stoppers, and other doped areas 
of the p- and n-channel MOS transistors [1]. There are also trends towards the 
increasing use of high energy implants to form deep retrograde wells and trip le  
wells, as well as increasing use of low energy implants to form shallower source 
and drain junctions for ULSI devices. In  addition, metallurgical im plantation 
is emerging as a technology in  which new surface alloys are created to improve 
corrosion resistance, hardness, fric tion coefficient and wear behaviour. However, 
there are some restrictions for extensive technological applications of conventional 
ion im plantation, where an ion beam is mass, energy selected and rastered over 
the surface of the workpiece, such as low beam current, high costs and difficulties 
in  producing homogeneous im plantation in 3-dimensional workpieces.
The Plasma Source Ion Implantation (PSH) [2] or Plasma Immersion Ion 
Im plantation (P III) [3] technique was first developed in  metallurgical implanta­
tion  to overcome these characteristic shortcomings of conventional ion implanta­
tion. A  plasma is generated in a sufficiently sized vacuum chamber, surrounding 
the workpiece from a ll sides. By applying negative high voltage pulses to the sam­
ple, positively charged ions are extracted from the plasma through the plasma 
sheath, accelerated and implanted into the sample. Potential advantages of the 
P II I  technique include: (1) avoidance of the need for a mass analyzer, accelera­
tor assembly and beam scanning, i.e. low cost of ownership; (2) accommodation
of any size substrate and non-line-of-sight feature(large size, 3-dimensional); (3) 
high throughput for high dose; (4) elim ination of substrate charging.
In semiconductor manufacturing, driven by increasing needs in innova­
tive techniques for large-area ion-beam processing in active m atrix  displays and 
SIMOX, P III  is expected to provide a practical approach towards "production 
worthy” technology for high-dose im plantation and ion-assisted th in -film  forma­
tion. The P II I  is expected to be a possible alternative technique to conventional 
ion im plantation in the following areas: (1) shallow junction formation or doping 
(low energy implants) [4]; (2) low energy SIMOX structure formation [5] [6] and 
MOS device fabrication (charge elim ination); (3) large area [7] [8] and non-planar 
(trench) im plantation [9]; (4) hydrogenation of amorphous or poly crystalline semi­
conductor devices (low costs and high dose rate) [10]; and some other applications 
of surface modification or th in  film  deposition [11].
The P III  has attracted rising interest worldwide in the past few years, 
representing a promising technique which m ight overcome some characteristic 
shortcomings of conventional ion im plantation. However, these two im plantation 
processes are fundamentally different, resulting in differences in the characteristics 
of the modified surfaces.
•  F irstly, the energy and angular distributions of ions during P II I  are m ulti- 
energetic and determined by the plasma gas pressure, bias voltage, the ion charge 
states and substrate contours, making i t  d ifficu lt to predict the ion depth profile, 
damage profile and sputtering.
•  Secondly, i t  is d ifficu lt to m onitor the ion dose during P II I  as there is a large 
flux of secondary electrons emitted from the substrate during im plantation, so i t  
is very d ifficu lt to calculate the ion dose from the target current.
•  Third ly, the contamination level in  P I I I  is d ifficult to control. Since there 
is no mass separation mechanism in  P III,  all the ions in the plasma, including 
the contaminants from multi-species gaseous plasma and the sputtering of wafer 
holder and the chamber wall, w ill be implanted into the substrate.
These three main differences make the P II I  technique less reproducible 
than conventional im plantation, and lim it  its use in semiconductor device man­
ufacturing, where the im plant profile, ion dose and contamination level play a 
crucial rule and need very accurate control. However, P I I I  is s till an attractive 
and cost-effective im plantation technique in metallurgical manufacturing and in 
some areas of semiconductor device manufacturing, where the ion depth profile 
and the contamination level are not critical. I f  the mechanism of P II I  is well 
understood and the P II I  system is carefully characterized, its operating condi­
tions can be optimized to eliminate some critica l contaminants and control the 
ion depth profile to some extent, enabling the technique to  be a more practical 
and useful tool in manufacturing.
This thesis aims to qualify a low cost P II I  system [12] and explore its pos­
sible new applications to  semiconductors, so i t  has two parts. Part one describes 
the P II I  technique in  chapters 2, 3 and 4. Chapter 2 contains the background 
to ion im plantation and a literature review of PHI. Chapter 3 demonstrates a 
computer simulation of the P II I  process in order to understand its mechanism 
and how to choose or optimize P III  operating conditions. Chapter 4 describes 
the diagnosis and improvement of the PH I system. Part two is about the PH I 
applications, including chapters 5, 6 , 7 and 8 . Chapter 5 introduces some back- 
grownd knowledge for the following PH I applications and chapter 6 describes 
the experimental methods used in the following experiments. Chapters 7 and 8 
concentrate on the P II I  applications on the ion im plantation of oxygen/ nitrogen 
in to silicon and its resulting electrical effects. Finally, the conclusions and future 
work are contained in chapter 9.
PART I
THE PIII TECHNIQUE
C hapter 2
LITERATURE REVIEW OF PIII
2.1 An introduction to ion implantation
When an energetic ion beam is used to introduce dopant into the sur­
face layers of solids, the process is referred to as ion implantation. Properties of 
the solid can be changed by irradiation or ion implantation. A  conventional ion 
implanter consists of an ion source which ionizes solid, liquid or gases, an electro­
static extraction field to extract these ions, an acceleration system, an analyzing 
system where the ions are separated according to their mass (momentum), and 
a scanning system to distribute the ions uniform ly over a target, as shown in 
Fig.2.1 [13].
HIGH VOLTAGE WRIABLE RESOLVmO
TERMINAL APERTURE ACCELERATION TUBE
OUTPUT
NEUTRAL TRAP 
PUMP SCANNERS IN VERTICAL PUMP 
/  PLANE /ANALYZINGMAGNET
VtfAPER
i C g - W ^ V-_____ TRIPLET 
QUAORUPOLE LENS
O N  SOURCE
VACUUM LOCK
HIGH VACUUM 
CHAMBER
VACUUM l o c k
Fig. 2.1. Typical commercial medium-current implanter, [after [13]]
An energetic particle incident upon a material w ill lose energy to the lattice 
atoms via elastic ( in te ra c tio n  w ith  nuc le i) and inelastic ( in te ra c tio n  w ith  
e lec trons) collisions. Due to these processes, the incident particles w ill come 
to rest in the bulk at some distance from the surface (range). I f  the lattice
5
structure is retained during bombardment, these ions may be accommodated in 
substitutional, or in te rs titia l sites or both.
During elastic collisions w ith  projectiles, i f  the transferred energy is higher 
than some threshold value, of the order of the lattice binding energy, the lattice 
atoms w ill be displaced from the ir sites to become p r im a ry  reco ils  and i f  the 
energy of such recoil atoms is sufficiently high, they in tu rn  w ill displace other 
atoms (secondary re c o ils ) . These events result in the development of a cascade 
of displacements. Once the energy of recoil atoms becomes very small, they 
w ill either recombine w ith  vacancies leading to defect annihilation or stop in 
in te rs titia l sites leading to the formation of permanent defects. In  addition to the 
structural damage, the recoil atoms in the cascade may reach the surface w ith  
sufficient energy to overcome the surface barrier (s p u tte r in g ). The energy of the 
incident ions is, therefore, transferred into sputtering as well as displacements.
The ion transport in  the solid can be described by the binary collision 
theory on the basis of conservation of energy and momentum. I t  assumes that 
the interaction .(i) is only between the moving and stationary atoms (two atoms) 
and (ii) is due to the repulsive force (between the two atoms) only. Based on this 
binary collision theory, some reliable softwares (TR IM  [14], M AR LO W E [15], 
and many others [see [18]]) have been developed to resolve the elastic energy loss 
and many other parameters such as ion range, damage profile and sputtering. 
However, these codes cannot be used w ith  confidence at energies below about 
lOOeV.
A lternatively the interaction can be simulated by means o f molecular dy­
namics codes [16] [17]. These codes consider m ulti-atom ic collisions and use 
realistic potentials which take in to account the effects o f both the repulsive and 
attractive forces on the tra jectory of atoms in a solid. They provide better results 
than the binary collision codes particularly for low energies i f  large numbers of 
trajectories are considered.
2.2 The physics and models of PIII
The use of ” Plasma Source Ion Im plantation” (PSII) was pioneered by the 
plasma group at the University of Wisconsin [2] for n itrida tion  of metal surfaces. 
Using a high density plasma, produced by a Penning discharge, they applied 
negative voltage pulses up to lOOkV to the substrate and implanted nitrogen at 
high doses to improve the wear and corrosion resistance of metals. The Berkeley 
group, who called this technique Plasma Immersion Ion Im plantation (P III), has 
investigated applications of P II I  for semiconductor processing, such as sub-lOOnm 
p - f/n  junctions and conformai doping of trench sidewall etc [3], P rior to these 
formal definitions of PSII or P III, a few research groups in Japan used sim ilar 
systems, calling them ’’plasma stream” or ” plasma doping” , to form silicon 
n itride or oxide on silicon [19] [20], and to dope silicon w ith  boron for T F T  
devices [21] [22]. The difference is tha t these early plasma techniques used very 
low bias voltages, (a few hundred volts), making them much more close to plasma 
deposition than implantation.
The principle of P II I  is illustrated in the schematic shown in Fig.2 .2 . W ith  
a high ion density (10^ ^  10^^ ions/cm^) plasma produced by efficient ionization 
sources, the ion-m atrix sheath between the plasma boundary and a negatively 
biased substrate can sustain a potential difference of many kilovolts w ithout ex­
tending to the walls, of the processing chamber. The depletion of electrons inside 
the sheath creates an electric field which accelerates the ions towards the sub­
strate. The ions w ill be implanted into the substrate w ith  energy and angular 
distributions determined by the plasma gas pressure, bias voltage, ion charge 
states and substrate surface contours [23] [25].
Three time scales are supposed to govern the response of the sheath as 
shown in Fig.2.3. F irst, when a rectangular negative voltage waveform is ap­
plied to the target, an in it ia l uniform density ion ” m atrix” sheath is assumed to 
form  in the time scale of the inverse electron plasma frequency W g"^(10"^ s ) ,  as 
electrons near the substrate surface are repelled. Next, on the slower time scale
Plasma
Ion
Sheath l
©
\L
Sample
-V(t)
Fig. 2.2. The principles of Plasma Immersion Ion Implantation
of the inverse of the ion plasma frequency the negative bias w ill
accelerate the ions towards the substrate. Finally, this ion movement w ill lower 
the ion density and the sheath-plasma boundary w ill expand to sustain the ap­
plied potential drop, exposing more ions to be extracted [24]. The sheath edge 
expands approximately at the plasma ion acoustic velocity ( '^0 .2cm per ms).
Various analytical and numerical models of P II I  have been developed that 
determine the time-varying im plantation current, the to ta l dose and the energy 
d istribu tion of the implanted ions (at the target surface). However, none of them 
has ever been assessed by experiment. There are difficulties in developing suitable 
techniques to measure the intermediate results, which can be used to assess the 
analytical models or simulations, such as the time-varying thickness of the ion 
sheath, ion energy distribution at the target surface and the ion current as there 
is a large flux of secondary electron emission during PHI. (Some research groups 
are try ing  to directly measure the secondary electron emission [26] or the sheath 
thickness [27] during PHI, but not yet w ith  any success.)
-Y(t)
(i)
+ - . 
+  -  [  
+  -  1
t~l/COe (10 s)
Forms Initial Sheath 
by driving away electrons
(ii)
1/C0e< t~l/COi (10'^ s) 
Ions move to substrate 
ion density drops 
Sheath expands
(iii)
l/C O i « t  
Steady-state 
Child’s law limit
Fig. 2.3. Schematic showing the time development of the ion-m atrix sheath when 
a negative step pulse is applied to the substrate at time =0. (i) In itia l sheath 
formation w ith in  nanoseconds, (ii) Sheath expansion w ith in  microseconds, ( iii)  
Steady-state Child-Langmuir sheath after long duration, [after [23]]
TARGET
-Vr
Matrix
sheath ( - 1 PLASMA
(a)
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s(t)
(b )
t > >  CO,
Fig. 2.4. Planar P III  geometry (a) just after formation of the m atrix  sheath and 
(b) after evolution of the quasi-static Child law sheath, [after [30]]
2.2.1 Analytical models for lower gas pressure PIII
Lieberman has developed an one-dimensional planar geometry model [30] 
to explain the lower gas pressure {p <m Torr) plasma immersion ion implantation. 
The model is basically shown in  F ig.2.4. The planar target is immersed in  a 
uniform  plasma of density ng. A t time t  =  0 , a voltage pulse of amplitude — Vg 
and tim e w id th  tp is applied to the target, the plasma electrons are driven away 
to form the m atrix  sheath w ith  the sheath edge at a: =  5g, As time evolves 
(Fig.2.4b), ions are implanted, the sheath edge recedes and a nonuniform, time- 
varying sheath forms near the target. The model assumptions are as follows:
(1). The ion flow is collisionless. This is valid for sufficiently low gas 
pressures.
(2). The electron motion is inertialess. This follows because the charac­
teristic im plantation tim e scale much exceeds
(3). The applied voltage f/g is much greater than the electron temperature 
/cTg. Hence the Debye length Aq <C 5g and the sheath edge at s is abrupt.
(4). During and after m atrix  sheath implantation, a quasi-static Child 
law [31] sheath forms. The current demanded by this sheath is supplied by the 
uncovering of ions at the moving sheath edge and by the d r ift of ions toward the 
target at the Bohm (ion sound) speed Ug =
(5). During the motion of an ion across the sheath, the electric field is 
frozen at its in it ia l value, independent of time, except for the change in  field due 
to the velocity of the moving sheath.
A). Sheath M otion
The Child law current density jg  for a voltage Vg across a sheath of th ick­
ness s is:
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where q is the ion charge and the mass. Equating to the charge per un it 
time crossing the sheath boundary,
ds
3c — +  ^b) (2 -2 )
I
Substituting (2.1) into (2.2) and integrating (2.2), we obtain the sheath thickness: 
(by assuming >  s, =  -so(ïïïï^)^^^ is the steady-state Child law sheath 
thickness.)
5 =  +  1)^^^ (2-3)
where ^  is the ion frequency in the m atrix  sheath; uq =  (~ ^ ^ )^ ^ ^
is the characteristic ion velocity; sq =  is the in it ia l m atrix  sheath
thickness. The time scale for establishing the steady-state Child law sheath is:
B). M atrix  sheath implantation.
(im plantation of those ions in  the in it ia l m atrix  sheath 0 <  ajQ <  sq)
Because the in itia l charge density in the m atrix  sheath is uniform, the 
in it ia l electric field F  varies linearly w ith  x: F  — [M ^/q)u j^{x  — s). Hence, the 
ion motion is: cP'x/dP' =  u?(x — s). Using equation (2.2) and assuming Wg <C wqjI
we obtain:
2 / \ 2 2! . .
^^2 ~  ^^ (^ ^o) (2-4)
Integrating eqn.(2.4), we find
2 2T — SQ =  (a:Q — sq) coshw^i — -sq  sinh 4- - uqI  (2.5)
where a: =  æg s,nd d x /d t =  0 at i  =  0 .
In a time interval between t  and t  -4- dt, ions from  the interval between
ajQ and xq -h dxQ are implanted w ith  im plantation current j  =  qn^dxQ/dt. The
normalized im plantation current density versus time for those ions is:
s inhT  2 T sinhT  -  c o s h T +  1 
+ 9 ----------
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where J  =  qn^uQ ? ^  ~  This equation (2.6) gives the im plantation current 
density versus time for those ions in the in itia l m atrix  sheath 0 <  æg <  sg- Setting 
xq =  SQ and a; =  0 in equation (2.5), we obtain T  ~  2.7. A t this time, all m atrix  
sheath ions are implanted. Hence, equation (2 .6) is only valid for 0 <  T  <  2.7.
C). Quasi-static Child law sheath implantation.
Consider the implanted ions having in it ia l positions at Tg >  sg. The 
normalized im plantation current density versus time for those ions is:
J  =  +  3 ) - *  (2.7)
where Æg is the expanding sheath boundary thickness at
Equation (2.7) is valid for T  >  3 when the ions orig inally located outside the 
m atrix  sheath begin to im plant into the substrate.
D). Energy distribution
Assuming a voltage pulse of w idth T  >  3, all the m atrix sheath ions 
(0 <  a;g <  sg) are implanted. The energy {E ) d istribution (at the target surface) 
for these m atrix  sheath ions is:
S  =  (2.9)
A ll the ions from the interval sg <  æg <  are implanted at fu ll energy 
(qVo), where æ-p is determined from eqn.(2 .8) by setting the time t  to be the end 
of the pulse.
When the pulse is turned off, all the ions w ith  <  a;g <  in transit
and implanted w ith  energy distribution;
j g  ■
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where 5rp is the maximum sheath thickness when the pulse is turned off.
The to ta l energy d istribution is the sum of the distributions for ions having 
0 <  a;Q <  sq, 5q <  <  Æq <  St- The to ta l dose implanted is
The results from the Lieberman mo del (dashed lines) are p lotted in Fig.2.5 
together w ith  those from numerical solutions of the plasma equations. The equa­
tions (2.6) and (2.7) do not smoothly jo in  at a;Q =  sq, because of the sim plifying 
assumptions (4) and (5) tha t were used to solve for the sheath and ion motion. 
B u t i t  is interesting to note tha t most of the implanted current comes from the
original sheath and the current density peaks at around wj-1
0.6
0.4
0,2
Fig. 2.5. Normalized im plantation current density J  =  j/(enQWQ) vs normalized 
tim e T  =  The dashed lines show the analytical solution for T  <  2.7 and 
T  >  3; the solid line is the numerical solution [after ref. [30]].
Later on, Lieberman’s model was improved by his group members to be 
applied to P H I for practical voltage pulses w ith  fin ite rise and fa ll times [32]. 
Some of its results are repeated here, which w ill be used as references to assess 
some of the computer simulation results in  the next chapter.
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For a given voltage pulse wave form w ith  fin ite rise time plateau tim e 
tp and fa ll time iy , (to ta l time length t-f. =  tp 1j:):
V{t) t / i r  1
. ih  ~  * )A /Vq
the ion sheath propagation during a pulse is given by:
4S (T ) =  y )  /  0 < T < T r  (2 .12)
r
S {T )  =  [ | ( r  -  0 .6? ;) ] '^ /^  T r < T < T r  +  Tp (2.13)
— [o^p +  +  T f ) ------ 0/2-------------f Tr +  T p < T  < T t (2.14)
where T  =  uj{t, 7^ =  etc. and S {T )  =  s{ T ) / sq.
The fraction of ions tha t h it the target w ith  E  <  <  qVq is given by:
/ m  =  p . , 5115 155"^
where =  5(7^) is the normalized position of the sheath at the end of the fa ll 
time.
S.Qin et al [33] developed a model for collisionless multi-species P H I based 
on the ir dynamic sheath model. This is the only analytical model dealing w ith  
multi-species PHI, but i t  is too simple to be a practical model. Some results of 
this model are comparable w ith  simulation results.
2.2.2 Analytical models for higher gas pressure P ill
A  one-dimensional model to  explain the higher gas pressure {p >  mTorr) 
PH I [34] has also been developed by Lieberman’s group. The model was applied
14
to  planar and spherical targets. The basic assumptions of th is model are: (1) the 
ion m otion is highly collisional; hence,the sheath thickness 5 A, A is the ion- 
neutral mean free path, and charge exchange is the dominant ion-neutral collision 
mechanism. (2) ions, having undergone many collisions w ith  the neutrals in the 
plasma, enter the sheath at the neutral temperature (room temperature). (3) the 
ion charge density in  the sheath is uniform in  space, but varying slowly in time. 
Some results of this model are listed here (for planar coordinate systems): 
The sheath motion:
s(i) = «0(1 + (2.16)
The ion density:
(2.17)
The average ion velocity at the target:
(2.18)
The average ion current density:
ia  W =  9^0%  (1 +  (2.19)
where ojq =  ( ^ ^ ) ^ ^ ^  is a characteristic frequency for the ions in  the sheath and
uq  ^ — ( ^ % ^ )^^^ is a characteristic ion velocity in the sheath.
The comparison between theory and simulation has been made at the 
neutral pressure of 20, 30, 50, 100 mTorr. For these pressures, the ratios of the 
in it ia l sheath thickness to the ion neutral mean free path, sq/ A  , are 18, 27, 45 
and 90 respectively. One example is shown in Fig.2.6, indicating tha t the ion 
energy at the target surface is much less than the maximum energy gVp because 
of the ion-neutral collision in  the sheath.
Another model dealing w ith  the higher gas pressure (5-500 mTorr) PH I 
was developed by S.Qin [35]. The model is a collisional dynamic sheath model 
for the arb itrary target configuration, but is basically sim ilar to other models.
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p  SO m Torr
—  Simulation 
•—  Theory
0
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Fig. 2.6. Ion velocity d istribu tion at the planar target. Note tha t the maximum 
ion velocity at the target, =  (2eI/Q/M^)^/^, is roughly 50000 m /s for this 
applied voltage [after ref. [34]].
2.2.3 Numerical solutions of P ill
The numerical solutions of nonlinear partia l differential equations for the 
ion and electron motion in the planar sheath is as follows:
duj djnjUj)
dt dx
M ^dui _  du.'
dt
=  n o e x p (-^ /T g )
(2.20)
(2.21)
(2.22)
9 $  ^  q(nj  -  rig)
dx^ eq (2.23)
The ion motion is collisionless, the electrons are in  thermal equilibrium  
and Poisson’s equation relates the densities to the potential. Some simulation 
results have been shown in  Fig.2.5 and Fig.2.6,
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2.2.4 Other models
W illiam  En has used the SPICE circuit simulator to determine PH I target 
current [5]. The to ta l target current involves the ion current the secondary 
electron current which reflected by a m ultip licative factor, a(V^), to the ion cur­
rent and the electron current from the plasma, jg  =  —0.25gn^Wgea;p(—çI/^/Tg), 
where Uq — is the average electron velocity and Vg the applied voltage
across the ion sheath.
(2.24)
Ion density quiescent region
I ds/dt=0
sheath expension region
•sheath collapse region
' ds/dt~ -u
Fig. 2.7. Diagram of various regions of operation o f the model, [after [5]]
The PH I operation is divided into three regions in this model as shown 
in Fig.2.7. F irst, in  the quiescent stage, the plasma is in itia lly  in steady state at 
low plasma voltage. The sheath is motionless, making the ion current a constant 
=  ququ-q. {ds/d t =  0). There is no secondary electron current at this stage, 
a =  1. Next, in the sheath expansion stage, the sheath begins to move and 
the ion current increases once the voltage waveform is applied. The applied 
voltage is too high for electrons in  the plasma to get through, hence jg  =  0. 
B u t in  this region secondary electron yield as a function of ion energy is very
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high [36] [37], i.e. a >  1, especially at high ion energies, the secondary electron 
current dominates the to ta l current. Finally, in  the sheath collapse stage, the 
applied voltage is turned off, the field supporting the sheath no longer exists and 
the sheath collapses, ds/d t ^  The sheath edge moves back approxiniately
at the ion Bohm speed un til i t  reaches the quiescent stage again. The sheath 
collapse is found to be im portant for high repetition rate pulses. Comparison 
w ith  experimental data has demonstrated the accuracy o f th is model [5].
Other research groups use a series of simulated implants at different ener­
gies as the basis of functions to numerically f it  the measured ion depth profile. 
For example, the measured depth profile of lOOkeV nitrogen P H I into silicon can 
be fitted  by the sum of a series of weighted functions which are simulated profiles 
o f N"*“ in to silicon at 3, 5, ..., 50 and 100 keV [28]. The weighted factors o f ev­
ery function comprise the possible ion energy d istribution at the target surface. 
This is a practical way to f it  the experimental data and find some useful informa­
tion. However, the ion energy d istribution obtained by using this method is not 
unique. The measured profile can even be fitted  by choosing jus t two or three 
functions [29] and the results predicted from this fitting  m ight be quite different. 
The physical explanation of this kind of f ittin g  also is not convincing.
2.3 P ill systems
2.3.1 An introduction to P ill systems
Since the original work on PHI, the P H I technique has been explored at 
a number of research and commercial organizations in the world. However, user- 
acceptance o f PH I technique relies on the perceived complexity, re liab ility  and 
operation of a P H I facility. The design characteristics of the fac ility  are an im ­
portant factor in any commercialization plan. Some papers have been published 
on the design of high voltage high current large volume P H I systems [70] ~  [73] 
and the cost estimates [74], safety considerations [77], etc..
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Fig. 2.8. The UCB PHI reactor designed for semiconductor processing, [after
[3]|
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Fig. 2.9. PH I w ith  ECR to generate the plasma, (a) The diode configuration 
uses ionized gas for the im plant species, (b) The triode configuration uses ionized 
sputtered atoms of solid for the implant species, [after [3]]
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A  typical PH I system usually consists of (1) vacuum system (pumps and 
gauges), (2) processing chamber w ith  wafer holder, (3) power supplies for the 
plasma generation and bias, (4) plasma source, (5)gas handling un it and (6) 
plasma diagnostic tools. Fig.2.8 shows one PH I reactor [3] designed for semicon­
ductor processing. I t  can have two configurations, (diode and triode), as shown in 
Fig.2.9. The bias voltage connected to the substrate can be time-varying pulses 
or dc negative voltage, which are called pulsed PH I and dc-PHI, respectively.
(a) Plasma sources (plasma generation)
For PH I operation, i t  is desirable to have plasma densities of 10^ rw 10^^ 
ions/cm'^. In  the metallurgical applications, hot filament discharge (electron im ­
pact) [78] [79] and radio frequency(r.f.) [80]<~ [82] are the most popular methods 
of plasma generation. However, in  the semiconductor applications, large-area dose 
un ifo rm ity and a contamination free processing environment are critica l design 
considerations. Electron Cyclotron Resonance (ECR) plasma sources [21] [22] [84] 
and Microwave M ultipo la r Bucket (M M B) plasma source [35] [50] which is based 
on the plasma breakdown mode, are widely used in semiconductor processing. 
The plasma density can be adjusted by varying the microwave power or gas pres­
sure.
(b) PIII chambers
A  PH I system usually consists of a cylindrical stainless-steel chamber('^ a 
few m^) w ith  a multipole magnet arrangement. A  set of m ultipole magnets w ith  
surface magnetic field of IkG  each are always arranged in  lines w ith  alternate 
south and north pole orientation so tha t the magnetic lines originate from one 
line and terminate in  the other [39]. The benefit of this configuration is tha t 
higher ion densities and better radial ion density uniform ities are obtained in the 
chamber because the electrons are reflected back into the plasma by the magnetic 
m irror instead of being lost to the chamber wall [85].
(c) Bias supply
I t  is required for a PH I system to have a modulator capable of switching 
high voltages (1 ^  lOOkV) and high current (m A ^  tens A) for pulse lengths of
2 0
1 100fis. Two classes of systems have been used; those tha t generate the voltage
directly and those tha t use some type of pulse-forming network and step-up trans­
former. A lthough DC operation of a P II I  system has been demonstrated [83] [84], 
a pulsed P II I  mode is desirable i f  dielectric coatings are present on the substrate 
surface, since the dielectric surface w ill acquire a potential close to  zero at steady- 
state, w ith  a ll the applied potential drop across the dielectric layer.
(d) Gas handling unit
In  the metallurgical applications, O"^ and plasma ions are inter­
esting for metal nitride, oxide and carbide formation at doses o f 10^® 10^^
ions/cm^ and Ar"^ for ion beam m ixing applications. I t  is very easy to handle 
these non-toxic gases.
In  the semiconductor applications, the required source gases such as BPg 
and AsHg are highly toxic and require special gas handling facilities.
2.3.2 The inherent possibilities and restrictions of P ill systems
A fte r the general description of the P III  system and the P II I  physics, some 
inherent possibilities and restrictions of P II I  systems can be identified, which are 
very im portant for the design or operation of a P III  facility.
(a) Vacuum and ion density
In  order to reduce the residual im purity  ions, the P III  working pressure 
should be higher than the base pressure by some orders of magnitude. Meanwhile, 
the gas pressure determines the mode of P III; collisionless or collisional.
Ion-neutral collisions w ill become im portant when the sheath w id th  is 
greater than 0.5 times the ion mean free path A, which is related to the gas 
pressure p by the expression: p • A — constant. For example, the constant for 
nitrogen is 6.1 x  10“ ^ Pa-m, and also is of the same order for other gases [77], The 
sheath w id th  during P II I  w ill increase from the in itia l m atrix  sheath thickness 
sq to the steady-state Child law sheath thickness i^p cxo), as discussed in
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Lieberman’s model. The sqj^c expressions are rewritten here;
% =  (2.25)griQ
(2.26)
In  our P I I I  system, typical experimental conditions are nitrogen P II I  using - 
lOkV bias, electron temperature Tg =  4 eV. Taking the ion density ng =  1 x  10^^ 
ions/cm'^ and p =  1 x 10~^m6ar, i t  gives sq ^  1cm, % 6cm and A py 60cm, 
so A Sg, indicating a collisionless P III  process even for very long pulse w idth. 
However, i f  p =  1 x  10~~"m&ar, i.e. A 6cm, for the same ion density, sg <  
0.5 X A <  Sg, indicating tha t the ion-neutral collision may be not im portant for 
short pulse (a few ps) P III, but im portant for long pulse (tens ps) P III.
This simple calculation shows that there are restrictions on gas pressure 
and ion density, (which relates to the plasma generation methods), in  order to 
have collisionless P III. The sg and Sg values can be used to be the lower lim it  of 
the mean free path for short pulses and long pulses, respectively. Fig.2.10 plots 
the Sg, Sg values as functions of ion density for three different voltages Vg, (which 
are calculated using eqn.(2.25) and eqn.(2.26).), and also the ion mean free path 
as a function of gas pressure(N2).
There is another lim it  to ion density and high voltage because subsequent 
arcing can occur when the electric field strength in the sheath reaches the value of 
dielectric breakdown (which is about lO kV /m m  for gas pressure less than 10” “^  
mbar). This may happen when the in it ia l m atrix  sheath is formed, where the 
maximum electric field =  H)/^0-
(b ) B ias and ta rg e t hea tin g
For a practical P I I I  processing, the target heating problem is always seri­
ously considered because i t  w ill significantly change the material qualities.
Generally, higher ion energy and current (or ion dose) w ill result in  higher 
substrate temperature. To determine the equilibrium target temperature during
2 2
Pressure (Pa)
Steady state:
Electnca 
breakdown
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Ion density (m*'’)
Fig. 2.10. Sheath thickness as functions of ion density for three different bias 
voltages, as well as the ion mean free path as a function o f gas pressure.
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an im plantation, the to ta l heat balance must be obtained, including all the fluxes 
to and from the substrate. However, i t  is almost impossible to consider all the heat 
fluxes. One simple way to estimate the target temperature during im plantation 
is to jus t consider the ion beam heating and the radiative flux (heat loss), as is 
used for conventional ion im plantation. The radiative heat flux is given by 
the Stefan-Bolztman law: — er{T^ — T^), where e, r  is the emissivity and
the Stefan-Bolztman constant, respectively, Tj, the chamber temperature. The 
substrate temperature T  can be determined from:
e C p l^  =  -  £ r ( r ^  -  3 ^ ) (2.27)
or
fT
where I is the target thickness, Cp the speciflc heat capacity and g the target den­
sity. Pyj is the ion beam power per area. The evaluation of this expression (2.28) 
for a range of beam intensities { jiA /c ir?  at lOOkeV, conventional ion implanta­
tion) is shown in  Fig.2.11 [86]. Also shown are the temperature excursions for a 
series of doping levels (ions/cm^ at lOOkeV) and ion-beam heating equilibrium  
target temperature as a function o f beam power (Fig.2.l ib ) .
Some of our experimental results, which w ill be shown in the chapter 4, 
suggest tha t during P III, the target temperature can be estimated in the same 
way as w ith  conventional ion implantation.
(c) Safety considerations
Since there are high voltages and microwaves involved in  the P II I  systems, 
there are hazards of irradiation and high voltages, which can lead to serious 
injuries or death. A ll possible precautions must be taken.
•  High voltage used in a P H I system was about a few kV  lOOkV, all 
high voltage components of the system should be screened to prevent accidental 
touching.
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Fig. 2.11. Ion beam heating, [after [86]] ;
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•  Intensive Bremsstrahlung may be generated by secondary electrons em it­
ted from the substrate, which are accelerated through the plasma to the wall 
of vacuum chamber. Therefore, all windows of the chamber should be made 
of lead-glass. For voltages higher than 50kV, additional lead shielding is neces­
sary, because the steel walls normally used for vacuum chambers become partia lly  
transparent for X-rays at this energy. The shielding thickness has been calculated 
as a function of the applied high voltage Vq for a radiation dose of 7/iS /h [75] in 
ref. [77].
® Microwaves endanger health, especially at the power densities used in 
plasma sources. A ll non-metallic parts of the system should therefore be cov­
ered w ith  a metallic mesh to absorb the emitted radiation and a ll components 
grounded to prevent charging. The maximum leakage power of microwaves in  the 
U K  is 5 m W /cm ^ [76].
2,4 PIII applications
2.4.1 PIII applications for metallurgical manufacturing
The P II I  or PSII concept was first reported w ith  metallurgical manufac­
turing. W orld wide interest has been attracted and lots of exciting results have 
been reported. There are some review papers [38] [40]. However, these are not 
of interest for the present thesis. Only a few principal achievements in this field 
are highlighted here as follows:
(1)The technology has been significantly developed in high voltage modulators, 
large-scale vacuum systems [41] and suitable plasma sources, so tha t large surface 
areas, m ultiple components and complex three-dimensional shapes can be treated 
w ith  ion energies up to lOOkeV.
(2)The surface properties (microhardness, wear resistance, fric tion coefficients 
and corrosion performance) of a wide range of alloys (including steels, alum inium 
alloys, titan ium  alloys and chromium plate) have been improved by im plantation 
of nitrogen.
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(3)The technique has been extended to ion-assisted deposition, demonstrating 
tha t for certain coating/substrate systems, increasing the ion energy can result 
in improved film  properties.
2.4.2 P ill applications for semiconductor processing
Lim ited by the ion energy (bias voltage) and the difficulties of precisely 
controlling the ion dose and contamination level, the application of the P II I  tech­
nique to semiconductors is not as widespread as i t  is for metallurgical manufac­
turing. However, i t  is s till a very attractive technique in high dose and large area 
low energy implantation. Lots of applications have been reported and are s till 
being explored. Here are some m ajor reported applications of the P H I technique 
in semiconductors.
(a) MOS and SIM OX device fabrication
For MOS devices used in  ULSI circuits, th in  gate oxides of the order of 
5 to lOnm w ill be used. For self-aligned source/drain implants, there is great 
concern whether the gate w ill accumulate enough charge during im plantation to 
cause oxide breakdown, or, a large current can tunnel through the gate dielectric 
to cause oxide wear-out. Similar wafer charging problems have also been reported 
for poly-Si doping implants. W ith  conventional high current implanters, electron 
flood guns are often employed to neutralize the accumulated positive ion charge 
w ith  various degrees o f success.
The P II I  process has a bu ilt-in  mechanism to neutralize surface positive 
charge accumulation. Fig.2.12 shows a simplified wafer charging sequence of 
an SiÛ2 on Si structure for pulse mode operation. A t the onset of the negative 
pulse, positive charges w ill be accumulated in the Si0 2 , which attracts the plasma 
electrons for neutralization during the off cycle of the pulse. I f  Q,max defined as 
the maximum positive surface charge per un it area acquired for each PH I pulse 
which w ill create oxide breakdown, i t  is equal to: Q ^a x  ~  -^BD^oæ^O’ where 
and are the breakdown field and dielectric constant of Si0 2 , respectively.
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Using a conservative breakdown field of 5M V/cm , Q^^ax about 10^^ q/cm ^ 
(the maximum ion dose implanted in one pulse). These considerations suggest 
tha t a short duty-factor and high frequency are preferred for P II I  processing of 
MOS devices.
P L A S M A  (V = 0 )
S iO j S iO j
Si Si
-V (t)  A \
Electrons will be attracted towards substrate by positive 
surface charge during off-cycle o f the pulse
Fig. 2.12. Schematic diagram showing the wafer charging sequence during P III  
operating in a pulsed mode, [after [23]]
To investigate the wafer charging problems and to study P III  oxide damage 
effects, Pico et al [49] prepared some A l/S i0 2 /n -S i MOS diodes w ith  an gate 
oxide thickness of 20nm. These test diodes were subjected to a blanket P II I  w ith  
conditions sim ilar to those of shallow p + /n  junction formation. No difference in 
oxide breakdown electric field between the implanted and non-implanted sample 
was observed( up to a dose of 10^® ions/cm^). The breakdown field was about 
8M V/cm  for all samples. High frequency C-V testing of the MOS capacitors also 
showed no threshold shift due to the high dose PHI. Similar results were reported 
in other papers [44], [50].
However, charging damage is s till observed in some PH I experiments. This 
damage is not induced by the implanted ions [51], but induced by other mech­
anisms. Some mechanisms have been proposed and investigated by models or 
simulation, such as the plasma non-uniformities across the wafer [52], the device 
geometry and the dc bias induced by the plasma in equilibrium  [53]. For a simple
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metal-oxide-silicon (MOS) capacitor, when the voltage pulse is applied to the 
substrate, in itia lly  a ll of the voltage drop falls across the plasma as the plasma 
acts as a very small capacitor in series w ith  the much larger MOS capacitor. The 
large negative potential attracts ions from the plasma and the surface charges up 
(a combination of the positive implants and the positive charge induced by the 
secondary electron emission). Slowly a volt drop is generated across the
oxide layer due to the current coming from the plasma. I f  the voltage pulse is 
le ft on for a long time, the oxide w ill eventually charge up to the point where 
breakdown occurs [54], i.e. is higher than the breakdown vo lt of the oxide
layer. A  SPICE simulation result [53] shows tha t the AV^^. across a lOnm oxide 
is only 0.2V due to a lOkV pulse, which is not enough to cause the charging dam­
age, supporting the experimental results at low pulse repetition rates [51]. Hence, 
pulses w ith  short w id th  and relatively low repetition rate are needed to elim inate 
the charging damage. The SPICE simulation results also show tha t significant 
charging can occur due to the pulse in some complex device structures [53].
Recent development in SIMOX technology shows tha t low energy SIM OX 
structures have some advantages over conventional SIM OX such as lower de­
fects densities, lower production costs and better radiation hardness. Low energy 
SIM OX wafers were currently formed by low energy (20^^80 keV) oxygen (and/or 
nitrogen [55]) im plantation in to silicon substrates w ith  ion doses of 1 ~  6 x  10"^ 
ions/cm “ . To prevent amorphization of the silicon over-layer, the implantations 
are conducted at an elevated temperature of 600 650° C, followed by a high tem­
perature annealing process at about 1300 °C for a few hours to remove extended 
defects.
F irst SIMOX structures fabricated using PH I were reported by Zhang et 
al [56]. The oxygen im plantation (3.3 10.0 x  10"^ ions/cm “ ) was achieved using
-30kV pulse biased PH I of p-silicon w ith  an oxygen plasma pressure of 0.2 mTorr. 
The substrate temperature during PH I was below 100 °C  (water cooled). The 
post annealing was at 1080 1300 °C. The AES depth profile showed tha t in
the annealed sample, most of the oxygen in  the near-surface region had diffused
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out, leaving a th in  silicon layer of low oxygen content on the surface and a th in  
Si02 layer underneath. However, this result was not enough to prove tha t a 
SIM OX structure had been formed. There was no proof of the regrowth of a th in  
crystalline silicon over-layer.
M in et a l’s work [6] provided direct proof of the form ation of SIMOX 
structures using the P H I technique. Higher bias voltages (-50kV) and ion doses 
(1 ^  3 X 10**  ^ ions/cm^) were used in their samples. By adjusting the operating 
parameters, the substrate temperature during im plantation was about 600°C or 
above (heated by the oxygen ion bombardment). The post annealing was at 1150 
~  1300°C for 2-3 hours. X T E M  micrographs of the annealed samples in Fig.2.13 
show tha t oxide precipitates are formed for low dose oxygen im plantation and 
tha t a continuous buried oxide layer is synthesized for high dose im plantation. 
One interesting result reported in this paper is that by optim izing the operating 
parameters, i.e. choosing the 0 * ^ /0  J  ratio, two oxide layers w ith  an intermediate 
silicon layer can be fabricated.
(b ) S ha llow  ju n c t io n  fo rm a tio n  and  c o n fo rm a i d o p in g  
The high packing density of devices in  ULSI circuits needs a reduction 
in  both the lateral and vertical dimensions. PH I has been found to be a good 
technique to satisfy both the ultra-shallow junction doping and the large aspect 
ratio trench doping w ith  high throughput at room temperature. Several research 
groups [4], [22], [42] ^  [45] are currently working in these fields. Very shallow 
dense doping (30^80 nm deep) and sidewall doping in  high aspect trenches (w ith  
a w id th  less than 0.5 fim  and 3 5/zm deep) have been demonstrated.
For ultra-shallow junction formation, the final junction depth depends 
more on the post-annealing thermal cycle rather than the as-implanted depth 
profile. In  the case of B im plantation for p + /n  junctions, a pre-amorphization 
step is required to keep the final junction depth below 0.1 fim . The Berkeley 
group reported results of sub-lOOnm p + /n  junctions in Si for both (i) direct PH I 
(^-2kV ) from BFg plasma, and (ii) SiF^ PH I (-4-^-6kV) for pre-amorphization 
followed by BFg PH I [4], [46], [47].
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Fig.2.13(a)RBS result of a silicon wafer implanted with 1 x 10”  cm"^ of oxygen at a machine setting of 50 kV (the shallower peak is due to 0% *). 
(b) X T E M  micrograph of the oxide precipitates formed after annealing the sample at 1300'C  for 2 h.[after [6]]
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Fig2.13(c) RBS result of a silicon wafer implanted with 3 x 10” cm“  ^ of oxygen at a machine setting of 50 kV. ( j )  X T E M  micrograph of the 
continuous buried oxide layer formed after annealing at 1270 “C for 2 h. [after [6]]
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Fig2.13(e)RBS result of the silicon wafer implanted with 1.8 x 10”  cm " '  of oxygen at a machine setting of 50 kV. (^) X T E M  micrograph of the 
double buried oxide layer formed after annealing at 1200 *C for 2 h and 1150 °C for 2.5 h. [after [6]]
Fig. 2.13.
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For trench doping, conventional im plantation techniques have to use m ulti- 
step implants w ith  collimated beams at controlled beam incidence angles [48]. 
Using an ECR source and r.f. substrate bias (-700V), M izunoet al. [21] demon­
strated excellent uniform  sidewall doping for trenches w ith  0.45/zm w id th  and 2.8 
fim  depth in a 5%-B2Hg +  He plasma at O.bmTorr. A fter annealing at 900 "^C for 
30 mins in  N2 , the wafer was cleaved and stained in a 30(H N O g):l(H F) solution 
to delineate the p + /n  junction. Uniform formation of p +  layers w ith  a junction 
depth o f 30-50nm along the trench sidewall was observed.
(c) Hydrogenation
Hydrogenation is a well-know method for passivation o f defect states at 
interfaces, surfaces, in  the bulk and at grain boundaries o f amorphous, poly crys­
ta lline and crystalline materials. Many papers have been published by Q in and 
Chan’s group on the hydrogenation of polycrystalline silicon CMOS T F T ’s using 
the P II I  technique [10], [57] ^  [60].
Compared w ith  the conventional hydrogenation method, where the T F T  
is immersed in  the plasma produced by an alternating current (AC) parallel-plate 
reactor, or microwave, or an electron cyclotron resonance (ECR), the P II I  method 
was found to be more efficient because i t  uses high bias voltages at high pulse 
repetition frequency (i.e. greater dose rates). The processing time for the P III  
can be less than SOmins whereas i t  takes about 4 hours or longer for the conven­
tiona l plasma hydrogenation. Significant improvements in device characteristics 
have been observed and the long term  re liab ility  of P II I  hydrogenated devices is 
superior to tha t of conventional parallel-plate plasma hydrogenated devices. The 
gate oxide charging damage and hydrogen sputtering effects also have been in­
vestigated. The oxide charging can be controlled to be damage-free by adjusting 
the operating parameters to give short pulse widths (a few fis) and high pulse 
repetition frequencies (>  a few kHz).
(d) Other applications
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Additional applications have been reported in semiconductors, such as 
seeding for planarized selective metal deposition [11], [61] and im purity  gettering 
w ith  im plant damage [62] [64],
One interesting application of P II I  in semiconductors is Large Area Elec­
tronics (LAE). Large area electronics such as large size(10 15-in diagonal) and 
high density active m atrix  liqu id crystal display(AMLCD) is becoming more and 
more attractive due to its future commercial applications. The P II I  technique 
has features of large area and high dose rate im plantation and has been used in 
the metallurgical manufacturing to im plant very large size components (a few 
m^), but lit t le  work has been done in  large area semiconductor processing.
However, some large substrates have been implanted by P III. For example, 
100mm X 100mm polysilicon T F T ’s [8] and 4-in a-Si:H T F T ’s [65] have been 
doped by 500V-6kV biased P II I  in P H g /(H 2 or He) plasma. Its  advantages are 
short processing time (as short as lOseconds) and low temperature (below 100 
°C). The T F T ’s fabricated show comparable characteristics to those fabricated 
by conventional ion implantation. Sheng et al. [44] also reported the formation 
of sub-lOOnm p + /n  junction on 150mm diameter Si wafers w ith  good sheet re­
sistance uniform ity (150 Q/square, 2.4% uniform ity) using dc plasma BFg source 
P III.
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C hapter 3
C O M PU T E R  SIMULATION OF PIII
3.1 Introduction
The P II I  technique has several unique advantages over conventional ion 
im plantation. However, its mechanism is s till unclear and i t  is far from use in 
production because of problems such as the ab ility  to reproduce or control the ion 
depth profile, the ion dose and contamination. Various analytical models of P II I  
have been developed as discussed in chapter two, but there are lots of lim ita tions 
in using these models. None of these models can be directly compared w ith  
experimental results, such as the ion depth profile and the to ta l ion dose in  the 
target. I t  is also very d ifficu lt to use these models to predict the effects of bias 
voltages, gas pressure, etc.. A  computer simulation code is therefore necessary to 
see more clearly the mechanism of the P II I  process and to predict the results or 
to optimize the experimental conditions.
In the present work, the generally accepted plasma device simulation soft­
ware X P D P l [66] was used to simulate the ion/electron m otion/ collisions in  a 
plasma. This charged-particle simulation remains very close to the use of first 
principles, meaning the use of classical mechanics for the equations of motion 
( f  =  m a =  g[E -h v  x  B ]) and using Maxwell’s equations for (E, B ) fields gen­
erated by the particle density (p, J). Very lit t le  approximate physics has crept 
in. Users have gained considerable confidence in  their results. Here, for the P II I  
application, this software is modified to obtain the ion energy profile, angular 
d istribu tion at the target surface, the time-varying target ion current and the 
to ta l ion dose by adding the boundary conditions. Its output data file w ith  vary­
ing ion energies and angles was connected to the TR IM  software [67], which is a 
widely used software for ion-solid interaction simulation as mentioned in  chapter
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two, to calculate the final ion transport into the solid target. The effects of the 
bias voltage, ion density and neutral gas pressure on the P III  processing were 
demonstrated.
3.2 Models and software ;
The plasma medium, consisting of electrons, ions, neutral atoms and 
molecules, and particles, is very complicated to understand. The X P D P l soft­
ware, developed by the plasma theory and simulation group in  Berkeley [66], 
is a one-dimensional planar bounded plasma device simulator running on U N IX  
X-windows. [The plasma is uniform  in a lim ited size, i.e. lim ited  area in y-z 
plane and lim ited length in x-direction. The particle m otion is three-dimensional 
(x,y,z) and therefore is the field calculation in  the plasma.] The particle-in- 
cell (PIC) method is implemented to solve for the particle and field parameters 
self-consistently, and a Monte Carlo collision (MCC) scheme is used to model 
the collisions of charged and neutral particles. Its brie f description, (PIC) and 
(M C C ), is repeated here from the literature. M y work, the software modification, 
is described in the section 3.2.3, and results in section 3.3.
3.2.1 Particle-In-Cell model (PIC)
Particles o f fin ite size are placed in a mathematical grid (or mesh, cell, Aæ 
by A y  by Az) in the plasma region and weighted to the grid to  obtain charge 
and current density (p, J) at the grid points (shown in Fig.3.1). From this, the 
electric and magnetic fields E, B  on the grid are obtained by solving Maxwell’s 
equations. Then the particles are moved by integrating: =  g(E +  v  x  B )
The planar configuration for a one-dimensional bounded plasma system is 
employed as shown in Fig.3.2. The current in the external c ircu it interacts w ith  
the plasma current via surface charge on the electrodes. Similarly, the potential 
w ith in  the plasma region is affected by the d istribution and m otion of space 
charge, the electrode surface charge and the current in  the external circuit. The
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( 1.1)(0.1)
(0.0) ( 1.0 )
Fig. 3.1. A  mathematical grid is set into the plasma region in order to mea­
sure charge and current density p, J ; from these we w ill obtain the electric and 
magnetic fields E, B  on the grid. A charged particle q at (x, y) w ill typ ically be 
counted in terms of p at the nearby grid points (0,0), (1,0), (1,1), (0,1) and in 
terms of J at the faces between these points. The force on q w ill also be obtained 
from the fields at these nearby points, [after [66]].
z
y
su rface ch arge
V (t) or I(t) R
Fig. 3.2. One-dimensional planar model, displacement of particles along x, but 
w ith  three velocity components w ith  external circuit sources, [after [66]].
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boundary conditions for the potentia l equation are obtained by applying Gauss’s 
law to the system:
/  E  • dS =  /  ^dV  +  =  0 (3.1)Js J e e i
where the surface S encloses the plasma and electrodes. Area refers to the 
surface area of the positively biased electrode and A__ to the negatively biased 
electrode. E is the surface-charge density on the respective electrode. The first 
part of equation (3.1) reflects the assumption of an ideal conductor connecting 
the electrodes to the external circu it elements and the second part, conservation 
of charge in the system.
Applying Gauss’s law about each node of the gridded system and using 
the definition of potentia l 0, the following equations are obtained:
^ j + i  -  _  _ p  / ,  21
where j  =  1,2, ...,nc — l,n c  is the number of cells in the gridded space. Using
g
boundary conditions: =  0 and E q — the electric field at one-half grid
cell is:
^1 /2  =   ^ (3-3)
The external c ircu it is coupled to (3.3) through conservation of charge at each 
wall:
A A E  =  Qconv +  (34)
where Qconv the charge deposited by the convection (particle) current and AQ  
is the charge deposited by the external circuit current, both over some interval
in time. For the general voltage-driven series RLC circuit, the capacitor charge
Q is advanced using KirchhofF’s voltage law:
4- +  ^  =  ^ (t) +  ^nc ~  ^0 (3*5)
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3.2.2 Monte Carlo Collisions (MCC)
Monte Carlo codes are basically probabilistic in nature, seeking mostly 
collisional effects in relatively weak electric fields. The present PIC-MGC code 
was developed for low pressure, low-density plasma, w ith  only a few particles 
colliding per field time step A t. Its range is roughly p <  few 100 mTorr, <  10^®
 Qcm , py few eV. I t  includes electron collisions w ith  neutrals (elastic scattering, 
excitation and ionization) and ion collisions w ith  neutrals (scattering and charge 
exchange), as well as electron and ion attachment to small particles (radius <  A^).
First, the probability of collision of the i  particle in a tim e step A t  is 
calculated: Pcollision,i =  1 “  ^^P[-'>^gas(^tota li^i)'^A^l where rig^s is the gas 
density, crto ta li^ i) to ta l collisional cross section of the i  partical at energy 
and the velocity of the partical. The next step is to compare w ith  a random 
number R  to determine which particle is scattered in tim e A t. The next step is to 
determine which scattering process occurs. The last step is to determine the new 
(scattered) velocity and new particle velocities i f  ionization occurs. A  simplified 
form of the differential cross section [68], [69] which is a good approximation for 
tens of eV to a few keV electron-neutral collisions, is used for electron-neutral 
ionization, excitation and elastic collisions, as shown in Fig.3.3. The ion collision 
cross sections are also specified simply by a =  a +  bE~^^^ w ith  a and b given 
separately for elastic and charge exchange. The effect on the neutral gas is not 
calculated. For example, excited atoms are assumed to have a lifetime less than 
the tim e step 10~^^s) and do not lead to two-step ionization.
3.2.3 Simulation of P ill process
For the PH I application in this thesis, a boundary condition, i.e. an ex­
ternal negative voltage-driven pulse source as shown in  Fig.3.4, is added in to the 
X P D P l software to simulate the PH I process. The applied voltage wave form is
38
max
Fig. 3.3. Cross sections for electron-atom collisions specified by and ener­
gies jFq j^1 , ^2- Decay is as \n E /E .  [after [69]]
A v(t)
- V
Fig. 3.4. Applied voltage wave form, [t,,: rise time; plateau time; fa ll 
time.l
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chosen to have the form
y ( 4
Vh
1
. ih  ~  ^ ) h f
0  <  i  <  iy.
(3.6)
where =  +  +  The pulse is characterized by three different times: rise
time ty,, plateau time tp and fa ll time t f .
if  Xj <= 0
XPDPl .
Weighting 
(E,B)j— Fi
TRIM
calculations
Monte-Carlo
Collisions
Integration of field 
equations on grid 
(p>J)j~^ (E,B) j
Integration of equations 
of motion,moving particles 
F :— ^ vj — X ;
Fig. 3.5. Computing sequence for X P D P l code and its links w ith  T R IM  code.
During the X P D P l software calculation, (of the m otion of ions and elec­
trons and the collisions w ith  neutrals), the energy and incident angle of the pa rti­
cles (ions or electrons) h ittin g  the target surface (re <  0) were recorded in a data 
file, and so did the accumulating charges or current on the target. Then, the data 
file was connected to the T R IM  codes to calculate the transport of these ions in to 
the solid target and the resulting damage, ion range, sputtering etc.. The soft­
ware modifications in X P D P l are shown in the appendix, and the computing 
sequence for X P D P l and its link  w ith  T R IM  is shown in Fig.3.5.
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Fig. 3.6. The formation and growth of the ion sheath in  the firs t microsecond, 
(x: the distance from the target surface; n(x): ion/electron density at x position, 
solid line: electron density d istribution; dash line: ion density d istribution.) The 
thickness of the ion sheath is found to be the thickness of the region where the 
electron density is zero.
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Fig. 3.7. Comparison of ion sheath propagation during one pulse, (solid line: 
analytical model-equations (2.12) ~  (2.14) in the chapter 2; circle: computer 
simulation.)
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Fig. 3.8. Ion energy d istribu tion at the target surface during the P H I process 
w ith  two different neutral gas pressures. (Ar, Bias: -lOkeV, 22/is; In it ia l ion 
density: 1 x  10^ cm” ^; Neutral gas pressure: (a) 0.1 m Torr (b) 20 mTorr.)
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3.3 Simulation results and discussions
3.3.1 Ion sheath formation and its movement
The formation and motion of the ion sheath play a crucial role in the PH I 
and this is demonstrated here first. The parameters used in the simulation are 
as follows:
Neutral gas: Argon, Pressure=0.1 mTorr;
Plasma Length=30cm, Area=50cm^ (planar);
Q  OIn it ia l ion dens ity= l x  10*" cm
Electron temperature=2eV, Ion temperature =4eV;
Bias pulse: Vq =  —10 kV, = t j !  — 1/lzs, tp =  20/is.
Fig.3.6 shows the formation and growth of the ion sheath in  the first microsecond. 
These density profiles tend to ju s tify  the assumption of uniform  ion density in 
the sheath as discussed in the analytical models in chapter 2. However, when 
the thickness of ion sheath is larger than sq =  the ion density in  the
sheath has to be dropped down in order to sustain a maximum potentia l drop of 
Vq across the sheath and this can be easily demonstrated during the computer 
simulation. The whole time-varying sheath formation during one bias pulse is 
shown in Fig.3.7 and compared w ith  tha t of an analytical model [32], which 
deals w ith  the collisionless P H I using the same voltage waveform. There is good 
agreement between the two results. However, the analytical model cannot deal 
w ith  the sheath collapse during the pulse fa ll time.
3.3.2 Ion energy distribution at the target surface
The ion energy distribution at the target surface, (using the same simula­
tion parameters shown in section 3.3.1), is shown in Fig.3.8 (the curve of P=0.1 
mTorr). In  order to  compare w ith  analytical models, the fraction o f ions tha t h it 
the target w ith  energy 0 <  E  <  i.e. f { E )  =  J { ^ ^ ) d E  from 0 to E , is also 
shown in Fig.3.9.
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Fig. 3.9. Fraction f { E )  of ions h itting  the target w ith  energies 0 <  E  <  qVq 
(=10keV) as a function of the ion energy E. (Low gas pressure P III, p=0.1mTorr). 
[solid line: computer simulation; dash line: analytical m odel- equation (2.15) in 
chapter 2.]
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Fig. 3.10. Fraction f { E )  of ions h ittin g  the target w ith  energies 0 <  E  <  qV^ 
(=10keV) as a function of the ion energy w ith  three different plasma ion densities. 
(High gas pressure P III) . [Ar, Bias:-10kV, 22/.is; Neutral gas pressure==10 mTorr; 
In it ia l ion density: (a ) l x  10^ cm~^; (b) 1 x  10^ cm“ ^; (c ) l x  10' cm-3;]
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There is a good agreement between the result of simulation and tha t of the 
analytical model in the energy region E  < S  keV. The disagreement in the region 
near 10keV(= qVq) is due to the simple assumption in  the analytical model tha t 
the ion entering the sheath during the voltage plateau receives the fu ll energy çVq. 
The results in  Fig.3.7 and Fig.3.9 show tha t the X P D P l software can successfully 
simulate the low pressure (nearly collisionless) P II I  process.
There are several factors tha t affect the ion energy d istribu tion at the 
target surface during P III. Here is a brief discussion of the kind of effects caused 
by the ion density, neutral gas pressure and bias voltages.
The ion density in  the plasma depends on the environments such as plasma 
generation methods, neutral gas pressure and magnetic fields around the plasma. 
For the low pressure P III,  the ion energy distribution at the target surface remains 
sim ilar for different ion densities because of its nearly collisionless feature w ith  
the neutrals. The reactions between ions, which are very small angle Coulomb 
collisions, only widen the ion energy distribution near the fu ll energy qVq. How­
ever, for the high pressure PHI, higher ion density in the plasma results in  more 
ions w ith  high energies. For example, the present simulation results in F ig.3.10 
show tha t the fraction of ions w ith  energies less than 3keV is more than 95% for 
the -lO kV P II I  at lOmTorr w ith  an in itia l ion density o f 1 x  10' cm~'^, but i t  is 
only about 40% for that w ith  an in itia l ion density of 1 x  10" cm~'^ at the same 
gas pressure. In  addition, the w idth of the ion sheath decreases w ith  increasing 
ion density, resulting in  a reduction in  the probability o f ion-neutral collisions.
When the neutral gas pressure increases, the ion mean free path may 
reduce to be less than the w id th  of the ion sheath and the probability  of ion- 
neutral collisions increases. Ion energies generally become lower and distributed 
over a wider range of energies. In  particular for the high gas pressure P H I (P  >  10 
m Torr), the ion energies may only be distributed in a very low energy region 
independent of the magnitude of the bias voltage, as shown in Fig.3.8 (P  =  20 
m Torr).
45
50kV
lOkV
5kV0.8
Î^  0.6(/)
. i
o
. i 0.42CD
0.2
0.0 0.4 0.6 0.8
R elative  ion energy (E/qV^)
1.00.20.0
Fig. 3.11. Fraction /(jF /qV q) of ions h ittin g  the target w ith  energies Q <  E  <  qVq 
as a function of ion energy w ith  three different bias voltages. (Bias: solid-line: 
-5kV, 22(jls] dot-line: -lOkV, 22/xs; dash-dot line: -50kV, 22/xs; Neutral gas (A r) 
pressure=0.1 mTorr; In it ia l ion density= 1  x  10^ cm“ ^).
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Fig. 3.12. A r ion depth profile in a-Si calculated by T R IM . Curves: solid-line: 
lOkeV single energy A r ion incidence; dash-line: P II I  using -lOkV, 22^s bias 
at 0.1 mTorr; long dash-line: P II I  using -lOkV, 22/zs bias at 20 mTorr. In it ia l 
plasma ion density is set to be 1 x  10® cm” '^ .
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A higher bias voltage w ill result in a thicker ion sheath, increasing the 
probability of ion-neutral collisions and probably a wider ion energy distribution 
at the target surface. Fortunately, the relative ion energy distribution at the 
target surface or the fractions of ions h ittin g  the target w ith  energy F7, f{E /q V ^ ),  
is not sensitive to the magnitude of the bias voltage. In particular, at low neutral 
gas pressure, the relative ion energy distribution at the target surface ( / ( ^ ^ ) )  
are almost independent of the bias voltage, as shown in  Fig.3.11, because of their 
collisionless feature.
3.3.3 Ion depth profile in the target
The final argon ion depth profile in amorphous silicon (using the ion energy 
profiles in Fig.3.8) is shown in  Fig.3.12 and compared w ith  tha t o f a single energy 
(lOkeV) conventional ion im plant using T R IM  calculation. The ion depth profile 
caused by low pressure P II I  is wider, (P = 0.1 mTorr), but very close to tha t of 
conventional ion im plantation, suggesting tha t the P II I  technique can be used 
as an alternative technique even where a depth im purity  profile may play an 
im portant role such as low energy SIMOX(LES) [56). However, at high gas 
pressure, P II I  w ill result in  a lower ion energy distribution (in Fig.3.12, P =  20 
mTorr), and a much shallower ion depth profile in the substrate, as shown in 
Fig.3.12.
There are no direct experimental results for comparison w ith  the results 
in Fig.3.12. However, one nitrogen (PHI) depth profile in  a-Si has been measured 
by AES and compared w ith  tha t calculated by TR IM  codes, (as discussed in the 
section 4.3.1), giving an indirect proof of Fig.3.12.
3.3.4 Target ion current or total ion dose
The to ta l target current which includes the ion current and electron current 
is very d ifficu lt to predict. However, the effect of gas pressure, ion density and 
bias voltage on the to ta l ion current or ion dose can be demonstrated using this
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Fig. 3.13. Time-varying target ion current densities w ith  three different bias 
voltages. [Ar, Bias: (a) -5kV, 22^s, (b) -lOkV, 22/xs, (c) -50kV, 22^ us; Neutral 
gas pressure=0.1 mTorr; In it ia l ion dens ity= l x  10“ cm ~‘ ]^.
■€) 20us
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Fig. 3.14. Fraction f ( E )  of ions h ittin g  the target w ith  energies 0 <  <  qVq
( = 10keV) as a function of the ion energy w ith  three different pulse widths. [Ar, 
Bias: -lOkV, rise/fa ll tim e =  t f  =  l//s ; Neutral gas pressure=0.5 mTorr; In it ia l
ion density= 1  x 10" cm” '^ ; (a ) i„  =  5/xs; {h )t„  =  10/xs; (c)t*, =  20/is.]
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software simulation. The target ion current is very sensitive to the magnitude of 
the bias voltage and the ion densities. One example is shown in  F ig.3.13, where 
higher bias voltages result in much higher ion currents as expected.
From the results of the present computer simulation, the to ta l argon ion 
dose implanted by -lO kV P III  w ith  50 fj.s pulse w idth at 50Hz in  Im T orr neutral 
gas pressure for lOmins, (where the in itia l ion density is set to be 1 x 10® cm ~^), 
is calculated to about 1.2 x  10^^ ions/cm^. I f  the in itia l ion density is 1 x  10^® 
cm ~^, the to ta l ion dose is estimated to be ^  1 x  10^® ions/cm^. In  our experi­
ments, the Ar"^ ion density is about 1 x  10^® cm~^ in 1 m Torr neutral A r gas and 
the retained A r ion dose in silicon is measured to be 8.5 x  10^^ ions/cm^, using 
the same P II I  conditions as the simulation. The two results, experimental and 
simulation, seem to be close and of the same order. However, the retained argon 
ion dose in silicon w ill saturate at a certain value which depends on the ion energy.
3.3.5 Effects of the pulse width and ion/electron temperatures in the plasma
The w idth of bias pulses certainly w ill affect the ion dose rate on the target, 
but its effect on the ion energy distribution is not significant i f  the rise or fa ll 
tim e of the pulse is much shorter than the plateau time. One example is shown in 
Fig.3.14. Pulses w ith  longer plateau time tp produce more high energy ions (close 
to qVq) and a narrower ion energy distribution at the target surface. However, a 
longer tp w ill result in  a thicker ion sheath and a higher probability  of ion-neutral 
collisions. In particular, for high bias voltage PHI, the thickness o f the ion sheath 
m ight exceed the plasma size and reach the chamber shell i f  the pulse w id th  is 
too long. In  this case, short pulse widths are needed to get a narrow ion energy 
d istribu tion at the target surface. (There also is a practical requirement to use 
short pulse w id th  for high bias voltage P III  in  order to avoid excessive electric 
loads to the power supply and thermal loads to the substrate, and to suppress 
the formation of unipolar arcs.) Fortunately, the final ion depth profile in the
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target is not very sensitive to the incident ion energy d istribu tion because single 
energy ions w ill produce a wide depth d istribution in the substrate and the final 
ion depth profile is a sum of all these ion depth distributions. This feature makes 
i t  easier to chose experimental conditions for a particular application.
The effects of the electron temperature (Tg a few eV)and the ion temper­
ature ( T j ^  a few eV) of the plasma are not obvious in P I I I  i f  other parameters re­
main the same. Practically, varying Tg and w ill result in  a significant difference 
in plasma ion density, such as the difference between r f  and microwave plasma. 
However, for P H I simulation, i f  the in itia l plasma conditions (ion/electron den­
sities, Tg,T^-) are set to be the equilibrium  states and the length of plasma is 
long enough for ion sheath expansion, the following calculation of ion/electron 
movement and collisions should be a good approximation for a real plasma P III. 
The ion/electron velocity d istribution caused by different T^/Tg values have no 
obvious effect on the final ion energy distribution at the target surface.
3.4 Conclusions
Compared w ith  the analytical equations, the computer simulation results 
demonstrate tha t this modified software is useful for the simulation of the P II I  
process. Some interesting results can be obtained from the simulation results.
For low gas pressure P H I (P< mTorr), the collisionless assumption is valid. 
The ion energy at the target surface during P II I  has a very narrow d istribu tion 
near gpQ and the P II I  process is sim ilar to conventional ion im plantation w ith  ion 
energy qVq, However, depending on neutral gas properties, the P II I  process may 
be in the m ulti-ion im plantation mode. In this case, the neutral gas pressure, ion 
density and bias voltage have no effect on the ion energy distribution, but affect 
the ion current.
For high gas pressure PH I (P  >  mTorr), because of the collisional feature, 
the P II I  process is different from conventional ion im plantation and is affected by 
lots of factors. Higher neutral gas pressure and higher bias voltages w ill shift the
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ion energy profile from qVq to a low energy region. However, higher ion density 
and proper pulse shaping can generate more high energy ions.
To obtain a narrow ion energy d istribution at the target surface for a 
certain value of bias V q , i t  is suggested tha t a low neutral gas pressure ( P  <  1 
mTorr), high ion density and appropriate bias pulse w id th  is utilized.
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C hap ter 4
PIII SYSTEM DIAGNOSIS AND OPERATING  
CONDITIONS
4.1 The PIII system in the University of Surrey
Fig.4.1 shows the schematic diagram of the P III  system. The main com­
ponents are a magnetron, quartz window, plasma chamber, permanent magnet 
assembly and wafer holder, the details being described below.
• ( 1) The magnetron was extracted from a commercial microwave oven operating 
in pulsed mode at 2.45GHz which was mounted in a stainless steel tube of 10cm 
in  diameter w ith  a sliding short for tuning.
•  (2) The quartz window consists of a circular quartz plate (polished on both 
sides) of 13cm in diameter and 2cm in  thickness, mounted in a flange between 
two 0 -rings to achieve vacuum sealing.
•  (3) The plasma chamber was made of 316L stainless steel w ith  an inner diameter 
o f 10cm (the cut off diameter for microwave transmission is about 7cm). How­
ever, the use of aluminum is highly recommended since i t  is much more corrosion 
resistant. In order to elim inate the heavy element im purities originating from the 
sputtering of the plasma chamber, i t  was lined w ith  a quartz tube as shown in 
Fig.4.2.
•  (4) The permanent magnet assembly is shown in Fig.4.2 which consists 
of six permanent magnets enclosed in a soft iron yoke to generate the resonance 
field (875G for microwave frequency of 2.45GHz). This has two 15cm x 10cm flux 
generating magnets which were mounted in parallel where the distance between 
the surface of the magnets was 10.5cm. Four 10cm x 5cm flux squeezing magnets 
were mounted perpendicularly to the flux generating magnets in order to reduce
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Plasma view port
magnet assembly ^PermanentCH AM BER Quartz window
Sliding short
Gas inlet
Microwave input
Substrate holder assembly 
(immersed in the plasma)
Pulsed biasing 
power supply
To pumps and gauges
Fig. 4.1. Schematic diagram of the P III  system in the university of Surrey.
Soft iron yoke Stainless steel plasma chamber
m m
Quartz tube
m m
Fig. 4.2. Schematic diagram of the plasma chamber lined w ith  a quartz tube.
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the flux losses. By using this magnetic assembly, a r^875G region in the plasma 
chamber was achieved.
•  (5) The sample holder assembly was made of stainless steel and Pyrex. The 
sample was held on a stainless steel plate which was mounted on a Pyrex plate, 
preventing the plasma sputtering the back side of the stainless steel.
Fig.4.3 shows the circu it diagram of the P III  system power supply which 
consists of three main components as described below.
•  (1) The magnetron power supply (650W; 2kV, 50Hz) was enclosed in an earthed 
aluminum box w ith  the H T  transformer being air cooled.
•  (2) The old high voltage bias power supply consists of a low voltage DC power 
supply connected to the prim ary of a ferrite step up transformer. The high voltage 
switching was achieved by using FETs. The present power supply is designed to 
supply high voltages up to -12kV, 900mA at 50Hz w ith  a variable pulse w id th  
20 ~  300/^s, as shown in  Fig.4.4. (However, the practical target current can 
only reach 200 300mA.) The applied high voltage and the charge flow (target 
current), including ions and secondary electrons, are monitored by an oscilloscope 
and an integrator connected to a lA - to - lV  current transformer (Rogowski loop), 
respectively. One calibration of the I-V  transformer is shown in Fig.4.5.
•(3 ) The magnetron operates in pulse mode (50Hz) and therefore during the 
in it ia l stages of the development, i t  was noticed that both plasma and current 
through the implanted wafer were very unstable. This was circumvented by using 
a phase synchronizer to trigger both the high voltage biasing power supply and 
magnetron H T  transformer simultaneously. Hence, plasma generation and ion 
im plantation were in phase which resulted in a stable current in the implanted 
wafers.
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Fig. 4.5. Calibration of the I-V  transformer, (using a lOO^s pulse generator.) 
4.2 PIII System diagnosis and operating conditions
4.2.1 Plasma diagnosis (by a wire Langmuir probe)
The plasma size and ion density are controlled by the gas pressure. The 
ion density is not very uniform  in the plasma, but has acceptable un ifo rm ity in  
a small area (a few cm^) in the plasma centre, which is enough for laboratory 
experiments.
A  simple Langmuir probe was designed to measure the plasma parameters, 
such as the ion density and electron temperatures. The schematic diagram of the 
Langmuir probe is shown in Fig.4.5a. The probe body is made of tungsten and 
is inserted through a ceramic tube as shown in  Fig.4.5b.
When the sheath in a collisionless plasma is larger than the probe radius, 
the collection of charged particles by an attracting cylindrical probe is determined 
by the ir orb ita l motion. M ott-Sm ith and Langmuir [87] were the first to study 
this o rb ita l motion and derived the OML (O rb ita l M otion Lim ited) equation 
for the collection of charged particles w ith  an isotropic Maxwellian d istribution 
of velocities by a cylindrical probe w ith  a radius much smaller than the Debye
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Chamber Chamber
Probe
Plasma
(|)3 mm
1 ■
ceramics
10mm
(j) 0.5mm
(a) (b)
Fig. 4.6. (a) Schematic diagram of experimental set-up used for the Langmuir
probe, (b) Probe detail. The probe body is made of tungsten and is inserted 
through a ceramic tube.
length:
=  27rrpZ,noe.
kT.
1 + e i^V p  ±  Vo)kT. (4.1)e.i
where and mg j are the electron(e) or ion(i) current, temperature and
mass, respectively, and fp ,L , Vq and ng are the probe radius, probe length, 
probe potential, plasma potentia l and plasma density, respectively. The top signs 
on the right-hand side of Eq.(4.1) correspond to electron saturation currents, and 
the bottom  signs to the ion saturation currents. For the plasma w ith  Tj >  Tg 
and the ratio less than 3, Steinbruchel [88] [89] obtained the ion density
as follows:
Tilt —
27rm« dl?
1.13eV2 4 (4.2)
d i fwhere Ap is the probe area and is the slope of the p lot of ion saturation
current squared against probe voltage so the ion density can be measured 
using the equation (4.2). The presence of magnetic field around the plasma w ill
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affect the ion/electron motion orbit and but the ion density calculated
from Eq.(4.2) is accurate enough for our measurements.
Fig.4.7 shows the plots on the measurements o f argon plasma
for different gas pressures. The probe was placed in the plasma centre and the 
neutral gas pressure was varied from 1.4 x  10"^  mbar to 1 x  10“ ^ mbar. The ion 
densities calculated from Fig.4.7 (and Eq.4.2) are p lotted in Fig.4.8 as a function 
of gas pressures, together w ith  those of nitrogen and oxygen plasma, where the 
ions in  the nitrogen and oxygen plasma were assumed to be composed of 25% 
atomic ions O '^ o rN ^  and 75% molecular ions O ^ o rN ^ ,  (see section 4.3.1).
The results in  Fig.4.8 show that the ion densities for these three gas plasms, 
are about 1.5 2.5 x  10^^ ions/cm^ when the gas pressure is higher than 2 x  1 0 "^
mbar, but gradually decrease w ith  increasing gas pressure. I t  has a much higher 
ion density when the gas pressure is about 1 x  10” ^ mbar, the lowest recorded 
value.
Precise measurements of electron/ion densities and temperatures
Tg /r^  need numerical solution of some complex equations [89]. Here, a simple 
model [90] is introduced to calculate the value of Tg.
Considering a perfectly reflecting probe, i f  the electrons have a Maxwellian 
d istribu tion then Boltzmann’s relation can be employed. W ith  an absorbing 
probe, the electron current density is given by:
eV
ie  =  (4-3)
where
=  n.nP.127rm, (4-4)e
jgg is the electron-saturation current and V  is the potentia l of the probe relative 
to the plasma, ng the plasma density. The sheath is illustrated schematically in 
Fig.4.9a, in  which some electrons are repelled and some reach the probe. Taking 
logarithms of equation (4.3), the slope of the p lot of In j^  against V, (as shown 
in Fig.4.9b), gives the electron temperature Tg. Once the probe is positive w ith
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Fig. 4.7. Probe current vs voltage ( y )  measured in  an argon plasma taken
using the wire Langmuir probe, w ith  five different gas pressures: 1.4 x 10“ ^, 2 x 
10“ ^, 4 X 10“ ^, 6 X 10"4 and 10 x  10“ ^ mbar.
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Fig. 4.8. Ion densities in the nitrogen, oxygen and argon plasma as a function 
of the gas pressure measured by a wire Langmuir probe.
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respect to the plasma, one expects the current density to be the saturation current 
jgQ, since no electrons are repelled. Location o f the knee of the curve therefore 
gives the plasma potential Vp (Fig.4.9b). The positive ion current also can be 
used in a sim ilar fashion to tha t of the electron saturation current.
Probe
P lasm a y / (a)
P ro b e  c u rre n tJ
L o g  J (b )
- V P ro b e  v o lta g e  V +V+J
Fig. 4.9. (a)Electron trajectories in a plasma sheath; (b)Idealized probe current- 
voltage plot.
Fig.4.10 shows a sim ilar I-V  p lot to tha t shown schematically in Fig.4.9b 
measured in an argon plasma (2 x 10" ^  mbar), giving Tg ^  ^eV  and the plasma 
potentia l 35V. However, the probe current under low voltages was not very 
stable, giving the measurement error about ±1.5eV.
Fig.4.11 shows the electron temperatures of nitrogen, oxygen and argon 
plasma for different gas pressures. The electron temperature was about 5 rv lOeV 
when the gas pressure was higher than 2 x  10" ^  mbar, bu t gradually decreases 
w ith  increasing gas pressure. A  relatively high electron temperature of about 
18 20eV was measured when the gas pressure was about 1 x 10~^ mbar. The 
electron temperatures measured in our system were higher than some reported
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Fig. 4.10. Logarithmic p lo t of the probe current {—Log I) vs voltage (F ) taken 
using the wire Langmuir probe. (Ar, 2 x 10“ '^  mbar)
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Fig. 4.11. Electron temperatures in the nitrogen, oxygen and argon plasma as 
a function of the gas pressure measured by a wire Langmuir probe.
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values (5 8eV), The reason m ight be that lower gas pressures and higher
magnetic fields were employed in  our system.
4.2.2 Ion energy distributions in the plasma
Since i t  plays a crucial role in PHI, any information about the ion energy 
distribution at the target surface (during PH I) w ill be very useful. However, no 
measurement has ever been reported. Here, some test experiments have been 
made to measure the ion energy d istribu tion in  the plasma and/or at the target 
surface w ith  bias using a Faraday cup [91]. Its schematic diagram is shown in 
Fig.4.12a. A  dc bias of —lOOy ^  —200F was applied to the 0.5 mm entrance 
aperture to repel all the electron current. The voltage on the Faraday cup varied 
from -200V to 4-200V to energy select the ions. The current I  was plotted against 
the cup voltage V. The differentiation of the I  — V  curves gives the ion energy 
distributions. The experimental setup is shown in Fig.4.12b.
Fig.4.13 and Fig.4.14 show some ion energy distributions measured in  n i­
trogen plasma, where the neutral gas pressures were 6 x  lQ~^mhar and 1 x  
I0~"^mbar, respectively. The switch in  Fig.4.12b was placed at ” A ” position 
and =  —200V. The ion energy distributions in Fig.4.13 and Fig.4.14 show 
tha t they were very close to the Gaussian distributions in  the peak area but had 
long high energy tails. The explanation of this observation is tha t there were 
multicharge states in the plasma. Every charge state has a Gaussian energy dis­
tribu tion , which centers about the mean ion potential, and higher charge states 
have higher energy. The measured ion energy distribution is a sum of these Gaus- 
sians. However, the main charge state in the plasma was a single charge state 
{N^ orN~^) as predicted from the Fig.4.13 and Fig.4.14. The peak ion energy 
is 12eV rs, 16eV. There seems to be two peaks in the ion energy d istribu tion 
(Fig.4.13). The second peak m ight be caused by the running tim e effects in  the 
plasma sheath [91], not the multicharge states. In addition, the saturation ion 
current, measured by the Faraday cup (V^ =  0), was found to decrease w ith  the
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0.5mm \
Faraday Cup
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Vc
Fig. 4.12. Faraday cup experimental setup.
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Fig. 4.13. Ion energy distributions, (two measurements), in  a nitrogen plasma 
(gas pressure: 6 x  10~^mbar)^ obtained from the differention of the I-V  curves 
measured by the Faraday cup. The y axis un it is a rb itra ry unit. The stopping 
potentia l on the Faraday cup {x axis) is equivalent to the ion energy in plasma 
(e l/).
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Fig. 4.14. Ion energy distributions, (three measurements), in  a nitrogen plasma 
(gas pressure: 1 x  10~^m6ar), obtained from the differention of the I-V  curves 
measured by the Faraday cup. The y axis un it is arb itrary unit. The stopping 
potentia l on the Faraday cup (a; axis) is equivalent to the ion energy in  plasma 
(eV).
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increasing gas pressure, which is consistent w ith  the Langmuir probe measure­
ments of ion densities.
I f  the switch in Fig.4.12b is placed on ” B” position and is set at a 
high voltage such as is used in PHI, this Faraday cup can be used to measure 
the ion energy distribution at the target surface during PHI. However, lim ited 
to some experimental conditions such as the high voltage insulation between the 
different power supplies Vj, and Vf.) and the measurement equipment (V^ and 
V2 ), the Vf. voltage can only be a few hundred volts. This voltage is not high 
enough to produce a collisional thick plasma sheath, so the measured ion energy 
distributions have sim ilar shapes to those shown in Fig.4.13 and Fig.4.14. A ll the 
peak ion energies were about 20eV below qVf,.
4.2.3 Contamination
Contamination in the plasma usually originates from the residual gases 
(low vacuum) and ion sputtering of the sample holder and chamber shell. The 
la tte r (sputtering), however, was expected to be the main contamination source.
Sample
SamplePyrex
Stainless steel Bias ~V
Stainless
steel
Pyrex Bias -V
(a) Old sample holder (b) New sample holder
Fig. 4.15. Schematic diagram of the sample holders.
Some experiments were carried out in our PHI system to quantify the 
contamination.
(a) The plasma chamber was lined w ith  a quartz tube as usual and the silicon
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Fig. 4.16. RBS-Channelling spectra of A r P H I on silicon using -lOkV, 50/xs bias, 
at 1 X 10~^mbar gas pressure for 10 ^  15 mins, under three different experimental 
setup (a), (b) and (c) as described in the text.
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sample was held on a stainless steel plate which was mounted in  a Pyrex assembly 
(the old sample holder in Fig.6.15a). During ion im plantation, the plasma size 
and position were lim ited in the quartz tube by adjusting the microwave resonance 
length and gas pressure. No heavy element contamination was detected in  Si as 
indicated from the RBS spectrum in  Fig.4.16 (curve a), (the RBS technique w ill 
be introduced in chapter 6). However, the quartz tube and Pyrex sample holder 
induced significant quantities of oxygen contamination in to the sample.
(b)The quartz tube was replaced by A1 fo il around the chamber but the Pyrex 
sample holder was s till used in  the PH I. Significant oxygen contamination was 
s till found as shown in Fig.4.16 (curve b), suggesting tha t a new sample holder 
needed to be designed in  order to reduce the oxygen contamination. Some heavy 
element contaminations were also detected as indicated from the RBS spectrum 
in Fig.4.16 (curve b), where there are counts in  the higher channels (>  330). 
These heavy elements m ight originate from the d irty  A1 foil. The A r peak area 
in  the RBS spectrum is smaller, which is due to the decrease of the plasma ion 
density when the quartz tube was removed. (When the quartz tube is placed 
in the plasma chamber, i t  is possible to accumulate charges on the tube surface, 
which may confine the plasma in a smaller area and result in  a higher plasma 
density. When the quatz tube is removed, the plasma size is possiblely larger and 
all the electrons or ions reaching the shell of the stainles steal chamber w ill be 
to ta lly  absorbed, which m ight result in  a lower plasma density.)
When a new sample holder, which was a small piece of stainless steal 
plate (4cm'^) on the same size Pyrex plate as shown in Fig.4.15, was used in  the 
PH I, the oxygen contamination was significantly reduced to be below the RBS 
detection lim it as shown in Fig.4.16(curve c). However, the oxygen contamination 
can not be definitely elim inated as long as the quartz tube is used in the plasma 
chamber, and this was detected in some samples.
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4.2.4  Target heating
As discussed in chapter 2, the target heating problem during P H I is always 
considered seriously because i t  w ill significantly change the m aterial properties.
Since the target is d irectly connected w ith  the high voltage bias, there are 
some difficulties in the measurement of the target temperature using a thermal- 
couple. In  our experiments, some thermal sensors were stuck at the front or back 
face of the target to estimate the target temperature during PH I. One of our 
experimental results is given below, which is comparable w ith  the temperature 
value estimated from the conventional ion im plantation w ith  the same ion energy 
and dose, as shown in  F ig.2.11.
A  piece o f silicon w ith  the size of ^  4cm^ was implanted by oxygen PH I 
using the pulse voltage o f-lO kV  and pulse w idth of 50/is at 50Hz. During PH I, the
 À I)gas pressure was 2 x  10 ** mbar and the target current was 30m A/cm “ . A fter 
'^lOm ins im plantation, the target temperature was found to be 100 150°C.
Because of the secondary electron emission, the ion current during PH I 
m ight only be ^ ^  of the to ta l target current (see section 4.2.5). Taking the
ion (lOkeV) current I  =  ZmA/crr?^ the average ion beam power in  one second is 
P  ^  0.075H7'cm^. Using the data in Fig.2.11, the equilibrium  target temperature 
is 100 ^  150°C, which is consistent w ith  the experimental result, suggesting tha t 
the target heating is mostly due to the ion beam bombardment. The plasma or 
microwave heating was not im portant. However, there is heat loss through the 
therm al conduction of the sample holder. Generally, the target temperature can 
be decreased by good thermal contact between the sample and the mounting, and 
by additional cooling.
4.2.5 Operating conditions
Implantation can be carried out at bias voltages of —50F ^  —12kV  w ith  a 
pulse w idth between 5 0 / iS  and 3 0 0 /ü s  at 50Hz and the neutral gas pressure varied
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from  1 X 10~^mbar to 1 x  lO^'^môar. Both target current and bias voltage during 
the im plant were monitored and displayed on an oscilloscope.
The typical bias voltage and target current pulse shapes are shown in  
Fig.4.17. The magnitude and shape of the current waveform depend on the bias 
voltage, pulse w idth, gas pressure and the sample size. Fig.4.17 shows two types 
of current waveforms. One(Fig.4.17b) corresponds to the low gas pressure (1.5 x  
10" ^ m 6nr) PH I and another (Fig.4.17c) to the high pressure (5 x 10~^mbar) 
Pin, respectively. The in it ia l bias voltage was a square waveform pulse (-lOkV) 
w ith  lOOjUS w idth as shown in  Fig.4.17a. The sample was a piece of 4cm^ silicon.
For the low-pressure PH I, the target current waveform (Fig.4.17b) shows a 
short duration spike of about 250mA and then continuously decays in  about 20/is 
to a relatively low steady-state value of about 25mA. The in it ia l to ta l current 
spike is a combination of the true implanted ion current, (as shown in Fig.3.13 
in chapter 3), the secondary electron current and the system capacitance. The 
magnitude of this spike peak was found to be sensitive to the bias voltage. Fig.4.18 
shows the dependence of the magnitude of the in itia l spike current and the steady- 
state current on the bias voltages. I t  is interesting to note tha t both current values 
in  Fig.4.18 increase w ith  the bias voltages and have almost linear dependence of 
I f  on y ,  indicating tha t the target acts as a plate Langmuir probe. The reason 
for th is is as follows. Firstly, the ion mean free path (~  60cm) is much larger 
than the sample size (2 x  2cr?i^) for such a low-pressure plasma. Secondly, the ion 
sheath around the target formed during PH I is collisionless. These two conditions 
satisfy the assumptions used in the principle of a Langmuir probe. I t  therefore 
acts as a Langmuir probe, bu t not an ideal one.
For the high-pressure PHI, the in itia l spike current decreased and the 
steady-state current increased, resulting in a nearly square waveform as shown in 
Fig.4.17c. This m ight be caused by the measuring electronics and/or the voltage 
collapsing during the current spike, which is a filte r effect of the power supply. The 
shape of the voltage pulse also has been changed, as shown in Fig4.17c, because 
of the power supply saturation, whih further reduces the maximum magnitude of
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Typical Voltage pulse The current waveform 
without plasma
(a)
lOOp-s
lOkV
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(b ) Current pulse 
(low gas pressure)
150mA'
(c) Current pulse
(higher gas pressure)
Fig. 4.17. Voltage-Current waveforms for low and high-pressure nitrogen P II I  at 
-lOkV. (a) the bias voltage pulse and current waveform w ithou t plasma; (b) vo lt­
age/current waveforms in low-pressure P III, (gas pressure: 1.5 x  10~^m bar)‘, (c) 
voltage/current waveforms in  high-pressure P III, (gas pressure: 5 x  10~^m6ar).
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Fig. 4.18. The dependence of the magnitude of the in it ia l spike and the steady- 
state current on the bias voltages. Voltage pulse w idth: lOO^s; Sample:^ 4cm^ 
Silicon; Gas: nitrogen, 1.5 x I0~^m bar.
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Fig. 4.19. The dependence of the average target currents on the bias vo lt­
ages (high-pressure). Voltage pulse w idth: 50/zs; Sample:'^ 3cm^ Silicon; Gas: 
(a)Argon, 2 x  10~^mbar, (b)nitrogen, 1 x  10~^m&ar, (c)oxygen, 5 x lO~'*m&ar
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the voltage pulse to be much less than -lOkV. For high-pressure P III, the average 
target current also increases w ith  the bias voltage as shown in Fig.4.19.
The output of the I-V  transformer can also cause the integration of a 
current pulse, giving the to ta l charges collected by the target. However, this 
charge data includes contributions from the system capacitance.
The dependence of the target current on the gas pressure, (under the 
same bias voltage), seems to be less sensitive than that on the bias voltage. The 
ion density was found to gradually decrease w ith  increasing gas pressure by a 
Langmuir probe measurement, but the target current almost saturates during 
P II I  when the gas pressure is higher than 2 x 10~^mbar.
An O j/S i  sample was used to estimate the ratio of the ion current to the 
to ta l target current. The bias voltage was -lO kV pulses w ith  50 /zs w idth at 50Hz,
 A  nand gas pressure 3 x  10 '^mbar. The to ta l target current was '^30m A/cm  and 
im plantation time 5mins (the retained oxygen dose w ill saturate after implanta­
tion for ^ lO m ins). The to ta l implanted oxygen dose can be estimated from the 
target current to be about 2.4 x  10"^ ions/cm ". However, the retained oxygen ion 
dose in  silicon was about 6.5 x  lOd^ ions/cm " measured by RBS, indicating that 
the contribution of secondary electron current (also some low energy ions) was 
about 3 times that of the ion current. Another sample o f Ar~*~ P II I  on Si, where 
there is only one ion species (A r”^) in the plasma, gives the current contribution 
of secondary electrons to be about 8 times tha t of the ion current. Hence, the 
ion current in our samples is about 1/3 1/8 of the to ta l target current.
4.3 The reactions between plasma ions and workpieces
A ll the models dealing w ith  the P H I mentioned in Chapter 2 consider 
i t  as an ion im plantation process and some authors [92] consider i t  also as a 
form  of diffusion. However, in  practice, there are various reactions between the 
plasma ions and workpieces during the P H I such as ( l) io n  im plantation, (2) ion 
sputtering, (3) chemical reaction, (4) diffusion and (5) deposition, depending on
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the ion and substrate properties. The ion im plantation and sputtering take place 
at the onset of a negative pulse, whereas deposition or chemical reactions m ight 
occur during the off cycle of the pulse. Below are some examples of thèse reactions 
observed in  our P II I  experiments.
4.3.1 Ion implantation and sputtering
The RBS spectra shown in Fig.4.20 clearly demonstrate tha t the amount o f 
both the implanted nitrogen (nitrogen peak area) and the disordered silicon atoms 
in the implanted region (silicon surface peak area) increased w ith  the bias voltage 
(ion energy) and Fig.4.21 shows tha t at the same bias voltage, the thickness o f the 
implanted layer was the same for different im plantation times, indicating a typical 
phenomenon of ion implantation and sputtering. The RBS de-channelling level 
in  Fig.4.21 increased w ith  the im plantation time because the number of implants 
channelled into the crystal axis increased w ith  the im plantation time.
Fig.4.22 shows an AES measurement of nitrogen depth profile in  a-Si to­
gether w ith  fitted curves calculated from T R IM  codes. The sample was an amor­
phous silicon substrate, (no channelling effect), treated by nitrogen P II I  using 
-5kV bias for 2mins at 2 x  10~ ‘^ mbar. The retained nitrogen ion dose in  a-Si 
was about 2 2.5 x  lOr^ ions/cm“  calculated from this depth profile. The n i­
trogen sputtering yield of silicon w ith  energies of a few keV was about 0.2 rsv 0.4 
atoms/ion, so the thickness of the a-Si layer sputtered by nitrogen ions was esti­
mated to be about 12 24A.
A  single energy 2.5keV im plant depth profile in  a-Si has been cal­
culated using T R IM  codes, and also shown in Fig.4.22, which had been shifted 
towards to the surface by 15A to take account of sputtering effects. The two pro­
files are very close, indicating that the implanted ions were mostly n J .  Fig.4.22 
also shows a nitrogen profile which is a combination of 80% n J  and 20% N ”*” 
im plantation into a-Si calculated from T R IM  codes (also shifted to  surface by 
15Â). This curve can f it  the AES profile very well in the region deeper than 60A,
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Fig. 4.20. RBS-Channelling spectra of nitrogen P III  on silicon. Bias: (a)- 
3kV, (b)-5kV, (c)-lOkV, 50/is; Gas pressure: 6 x 10~^mbar] Implantation time: 
lOmins. (using the old sample holder)
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Fig. 4.21. RBS-Channelling spectra of nitrogen P III on silicon. Bias: -lO kV, 
50^s; Gas pressure: 6 x  Implantation time: (a)5mins, (b)lOmins,
(c)30mins. (using the old sample holder)
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Fig. 4.22. Nitrogen depth profiles in  amorphous silicon, (solid line: AES depth 
profile. Sample is a-Si treated by -5kV N 2 P I I I  for 2min; L ight dash line: T R IM  
simulation of 2.5keV N +  conventional ion im plantation in  a-Si; Heavy dash line: 
T R IM  simulation of 80% 5keV n J  and 20% 5keV N'^’ im plantation in a-Si.)
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but does not f it  in the first a few tens A, which might be due to (a) AES measure­
ment error, caused by the native oxide layer on sample surface; or (b)low energy 
nitrogen ion im plantation during P III. I t  can be concluded from this analysis tha t 
the nitrogen plasma in  our experiments consists of about 80% N J  and 2 0 ^  N"*" 
and tha t i t  was a collisionless P I I I  process (low-pressure).
4.3.2 Chemical reaction
The chemical reactions between the plasma ions and workpieces are very 
complex i f  the ions are reactive. They may happen both in  the target bulk, i.e. 
between the dopant and the substrate atoms, and on the target surface during 
the ofi-cycle o f the bias pulse. There were no obvious chemical reactions between 
Ar"^, O j ,  N J  ions and silicon atoms at the surface during the pulse off cycle. 
However, some interesting results were s till observed in our experiments, which 
may relate to the chemical reactions between the plasma ions and workpieces.
Fig.4.23 shows two RBS-Channelling spectra. One piece of silicon was 
implanted by pure nitrogen P II I  and the other was implanted using nitrogen 
containing 10% H2 . The effect of hydrogen in the plasma was obvious in  the 
RBS spectrum. Firstly, i t  induced deeper defects in  the silicon substrate because 
hydrogen ions have longer ion ranges than nitrogen ions. Secondly, i t  is interesting 
to note that the oxygen contamination was reduced by the hydrogen presence in 
the plasma, indicating tha t the H “*“ m ight getter the oxygen to form a stable 
compound such as water.
A  sim ilar result was observed during the methane PH I of silicon, where 
the oxygen contamination disappeared as shown in Fig.4.24. There also m ight 
be chemical reactions between oxygen ions and carbon or hydrogen ions.
4.3.3 Deposition
No deposition was observed during Ar"^, O j  or n J  P III. However, during 
methane (CH4 ) P III, a carbon film  of several hundreds A  (10^^ ~  10"^ ions/cm^)
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Fig. 4.23. RBS-Channelling spectra o f nitrogen or form ing gas P I I I  on silicon. 
The bias voltage was -lOkV, 50/is and gas pressure 4 x  10~~^m6ar; Time:10mins.
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Fig. 4.24. RBS spectra of methane gas P II I  on silicon w ith  different bias voltages. 
Bias: — 1 ~  — lOkV, 80^ s; Gas pressure: 8 x 10 "^  mbar; Time: lOmins.
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was deposited on silicon. Fig.4.24 shows the RBS spectra of the samples produced 
by methane P II I  using — lOkV bias, indicating tha t carbon films were de­
posited on the silicon surface. As a result of the high energy ion bombardment, 
a disordered silicon (mixed) surface layer at the carbon-silicon interface was ob­
served for the samples treated by high bias (>  I k V )  P III. However, when the bias 
voltage was lower than ~  I k V ,  this damaged silicon interface was not observed 
by RBS analysis. The high rate of deposition of amorphous carbon prevents the 
low energy carbon ions penetrating into the silicon substrate. This P I I I  deposi­
tion of amorphous carbon is a combination of ion beam deposition (im plantation) 
and plasma deposition. I t  may be possible to adjust the physical parameters of 
these films by varying the deposition conditions. However, this work has not been 
pursued.
Another set of experiments aimed at the deposition of amorphous carbon 
nitride (a-CN^.) using the P II I  technique. The growth rate of a-CN^. films (on 
silicon or glass substrates) was found to decrease w ith  increasing bias voltage, 
(once above ~  500V), or w ith  increasing Ng/G H^ ratio. Higher bias voltages (ion 
energy) w ill result in  higher sputtering yields, so the thickness of the deposited 
films w ill be thinner. In addition, higher N 2/C H 4 ratios reduce the carbon ion 
concentration in the plasma, resulting in the lower growth rate.
4.3.4 Diffusion
During PH I treatments, the plasma and continuous ion bombardment w ill 
heat the sample as discussed previously and may cause implants to therm ally 
diffuse. The temperature of samples increased to about 50 °C  ~  150°C after P I I I  
for 1 20mins in our experiments. No significant thermal diffusion occurred at 
these low temperatures and short times. Even after 3h nitrogen P II I  treatment of 
silicon wafers [28], (under sim ilar experimental conditions to ours), no nitrogen 
diffusion was observed. However, during nitrogen P II I  treatments of stainless 
steal or pure iron, diffusion caused by sample heating did significantly affect the
79
final nitrogen atom profile [94], and Collins [92], based on the ir work of P II I  of 
metals, concluded the P II I  to be a hybrid im plantation/diffusion technique.
4.4 Conclusions
Our P II I  system has been systematically calibrated:
(1)the magnetic field in the plasma is 800 ~  900G;
(2)the ion density in the plasma is 1.5 2.5 x  lO^^ions/cm*^ w ith  electron
temperature Tg «  5 lOeV, ion temperature 7^ % 12 16eV;
(3)the nitrogen plasma is composed of about 80% n J  and 20% and 
sim ilar results can be expected for the oxygen plasma;
(4) the ion current is about 1 / 3 ^  1/8 of the to ta l target current;
(5)the P II I  process is collisionless i f  the gas pressure is <  a few 10~^mbar 
and the ion depth profile in the target can be approximated by the T R IM  calcu­
lation of a single energy ion im plantation. This is consistent w ith  predictions of 
models and simulations given in  chapters 2 and 3.
(6 ) the target heating by P I I I  can be estimated in  the same way as con­
ventional ion beam heating;
(7 )contamination in the plasma can be reduced and controlled by proper 
design of the sample holder and covering of the chamber wall.
In  addition, ( 8 )the P II I  technique can be extended to an ion-assisted de­
position technique.
The restriction o f the chamber size, however, lim ited the un ifo rm ity of the 
ion density in  the plasma. This aspect is very bad for the present P I I I  system. 
Furthermore, the position of the plasma in  the chamber depends on the microwave 
resonance by adjusting the sliding short, (as shown in Fig.4.1), which makes i t  
very d ifficu lt to obtain reproducibility from  sample to sample.
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C hapter 5
BACK G RO UND OF SEM ICO ND U C TO R  DEVICES
5.1 Introduction
In  the semiconductor industry, the most im portant m aterial is silicon to ­
gether w ith  its alloys, such as silicon oxide/nitride. The optical bandgap increases 
from l. le V  for crystalline silicon to 5eV for SigN^ and 9eV for Si0 2 - I t  is there­
fore worthwhile to investigate the potentia l of the P I I I  technique as a way of 
synthesizing SiNg, or 8i(3% materials which could have a wide range of appli­
cations in  the semiconductor industry. Our work ranged from very low dose to 
high dose nitrogen/oxygen im plantation of crystalline silicon or a-Si:H in  order to 
explore a wide range of effects. Since electrical methods were used to  character­
ize the implanted layers, i t  was necessary to obtain some background knowledge 
of semiconductor material/device behaviour, so tha t a proper assessment of the 
effects of P II I  could be made.
5.2 Electronic conduction in amorphous semiconductor/dielectric films
This section presents some basic knowledge of the electronic properties of 
amorphous silicon and its alloys as a reference for the present work.
5.2.1 Electronic structures
An im portant concept for the interpretation of electrical transport in  
amorphous semiconductors is the density of states. W ith  regard to  the energy 
band structure, there is general agreement tha t this depends m ainly on nearest- 
neighbour positions, and it  may be expected tha t the main features of the band 
structure remain sim ilar in amorphous and crystalline materials o f the same chem­
ical composition. However, the sharp band edges of crystalline lattices become
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diffuse in amorphous materials and give rise to a gradual transition from con­
ducting states in which carriers are free to move to deep trapping levels in which 
carriers are s tric tly  localized, as shown in  Fig.5.1. Electronic conduction in  such 
structures does not normally occur by free electrons or holes but rather by more 
or less localized carriers ’’ hopping” between sites which are randomly distributed 
both in  space and in  energy.
F ig.5.2 shows the electronic band structure of amorphous silicon, where 
the conduction band and valence band have tails of states due to fluctuations 
of the Si-Si bond lengths and bond angles [93]. These modified band states 
can be divided in to localized and extended variants. Carriers in localized states 
have low m obility. Extended states provide a much higher m ob ility  to carriers 
and are separated from localized states by a conceptual m ob ility  edge. The 
energy separation between the and m obility  edges can be used to define 
a m obility  gap or pseudogap. In  addition to localized d istribu tion of tail-states, 
a d istribu tion of localized gap-states exists between E^ and Ey, most of which 
in a-Si:H are the under co-ordinated Si® (silicon dangling bonds, DBs). Since 
these DBs are neither bonded nor anti-bonded, they lie close to the middle o f the 
energy gap.
In  a-SiN^ alloys, the replacement of Si-Si bonds by stronger Si-N bonds 
causes the bandgap to increase w ith  increasing x. This occurs gradually up to  æ %
1.1 and then very rapidly, as shown in  Fig.5.3 [116]. The critica l concentration 
æ =  1.1 corresponds to the percolation threshold of Si-Si bonds in a SiN^ network. 
For X <  1.1, both band edges are formed by Si-Si states, (the occupied Si-Si 
bonding a  states form the valence band and the empty Si-Si antibonding a* 
states form the conduction band). Above a; «  1.3, the valence-band edge Ey is 
N pTT like and conduction-band edge E ,^ consists of Si-Si <j* states. The principal 
point defects in  a-SiN^, are the Si and N dangling bonds, and in the Si-rich alloys, 
only the Si dangling bond is found, which lies close to the middle of the energy 
gap, as shown in Fig.5.4.
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Fig. 5.1. Schematic comparison of the electronic band structure of crystalline 
and amorphous semiconductors [after [93]].
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neutral N DB, the =N -N - group and the n J  centre in a-SiN^, alloys [after [116]].
85
Adding H to a-SlN^, passivates both Si and N dangling bonds and gives 
no gap states, except tha t in Si-rich alloys is about 0 .8eV lower, owing to the 
replacement of upper Si-Si states by deeper Si-H states.
The electronic structure of a-SiOg. alloys is not understood yet. Here, 
we assume i t  to be sim ilar to the a-SiN^, alloys, except for the difference in the 
magnitude of the band gaps.
5.2.2 Electronic conduction
The electronic conduction is sensitive to the m aterial structure and i t  
may differ as much between samples of normally the same material prepared 
by different methods, as between samples o f different materials. There is also 
difference between a-c and d-c conduction mechanisms. Here I  introduce some 
background to d-c conduction in the amorphous dielectric films.
(a) Ionic (ohmic) conduction
In  principle, any dielectric film  should show an ohmic region of the current- 
voltage characteristic at sufficiently low electric fields at high temperature. The 
current has a linear dependence on the applied voltage and it  has a high activation 
energy le V ) associated w ith  ionic conduction. However, i t  was not observed 
in the present research work.
(b) Prenkel-Poole conduction
A t higher electric fields, the Frenkel-Poole effect is always used to interpret 
the electric current in dielectric films, particularly in amorphous silicon n itride 
and oxide films. The physical basis of this effect is analogous to the Schottky 
effect for a plane electrode, (which w ill be discussed in section 5.3), —  a lowing 
of the potentia l barrier Vg surrounding a localized charge under the influence of 
an external electric field. In  the case of a point defect surrounded by a Coulombic 
potential, the I-V  characteristic is given by:
J  =  j Q e x p [ - ^ ( P ^ \ - V g ) \  (5.1)
8 6
where F  is the electric field in the film , qVg the ionization energy o f the localized
centre, /? =  (e/47T£Q£)^^^ the Prenkel-Poole constant. £q£ is expected to be 
the high-frequency value of the dielectric pe rm ittiv ity  of the material. However, 
experimental results show tha t the value of gives neither the high-frequency 
nor the low-frequency value of the dielectric perm ittiv ity . A  detail discussion and 
characterization of Prenkel-Poole effect w ill be presented in  section (7,2.2.2).
(c) Hopping conduction
I t  is natural to expect the presence of hopping conduction (thermally acti­
vated tunnelling), (between ta il states), in  highly disordered amorphous materials. 
The salient features of hopping conduction may be summed up as follows [95]:
(1) linear dependence of current on voltage.
(2) a very low activation energy ( ^  O.OleV), much lower than the activation en­
ergy of the relevant donor and acceptor centre.
(3) a monotonie increase of a-c conductivity w ith  frequency.
(4) a very slight decrease of polarizability w ith  frequency.
Hopping conduction is usually associated w ith  a-c conduction and is not easily 
detected in d-c conduction measurements in amorphous silicon n itride and oxide 
materials.
(d) Power-law dependence of current on voltage
Power-law relations I  oc are also always observed in amorphous dielec­
tr ic  films. Por 1 <  n <  2 , the current is supposed to be due to some form of 
space charge lim ited flow, and for large exponents n  in  excess of 5, (which used 
to be measured at very low temperature), the explanation is suggested to lie in 
tunnelling between very closely spaced sites, for example nearest or next-nearest 
neighbor sites in the amorphous m atrix. However, the power-law dependence of 
current on voltage is very d ifficu lt to interpret.
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5.3 Metal/semiconductor contacts
The mechanism of metal/amorphous-semiconductor contacts is very com­
plex and is always explained in  turns o f modified theories for metal/ crystalline- 
semiconductor contacts. Here is an introduction to a theory of the crystalline 
semiconductor Schottky diodes (uniform ly doped substrates) [96]. A  brief discus­
sion on the metal/amorphous-semiconductor contacts w ill be given afterwards.
5.3.1 Metal/crystalline-semiconductor contacts
(a) Barrier height
When a metal makes contact w ith  a semiconductor, a barrier is formed 
at the metal/ semiconductor interface. For an ideal contact between a metal and 
an n-type semiconductor, the definition o f the barrier height to electrons 
is given by: =  q{(f)jji — %g), where (j)^ is the work function of the metal
and Xs tkie electron affin ity of the semiconductor. The barrier height to holes 
q<j)bp =  Eg — q{(j>jj  ^— %g) for a m eta l/p-type semiconductor contact, where Eg is 
the band gap o f the semiconductor.
The shape of the potentia l barrier depends on the charge d istribu tion 
w ith in  the depletion region. In  the Schottky model, the semiconductor is as­
sumed to be homogeneous right up to the boundary w ith  the metal, so tha t the 
ionized donors give rise to a uniform  space charge in the depletion region. The 
electric field strength therefore increases linearly w ith  distance from the edge of 
the depletion region, and the electrostatic potential increases quadratically. The 
resulting parabolic barrier is known as a Schottky barrier. However, in  a practical 
metal-semiconductor contact, a th in  oxide or dipole layer (10 20A) and surface
states (charges) exist at the metal-semiconductor interface, as shown in Fig.5.5a, 
which change the barrier height to:
^  ' y i ^ m  ~  Xs)  +  ((1 -  (5-2)
where 7  =  is the flat-band barrier height (as shown in Fig.5.5b),
q^Q is the neutral level of surface states measured from the top o f ii'y , the 
density of surface states per un it area. I t  shows tha t q4>^  tends to q{(f)jji — Xs)? 
as jDg 0 and to the Bardeen lim it Eg — g^Q, {q(j)Q % Ep), as Dg -> 00 , i.e. the 
barrier height is independent of the choice of metal.
The barrier height also w ill be affected by the bias voltage and doping 
level of the substrate as (Fig.5.5c):
h  =  <l>l +  Y - +  ^ - V - Ç -  (5.3)
where (j>i =  2ri^qNfj^/eg and r} =  5£g/(ei +  qàDg). V  is the forward bias voltage. 
I t  shows tha t (f)^  decreases w ith  increasing because of the increasing field in 
the barrier.
Another im portant factor to affect the barrier height is the image-force- 
induced lowering of the potential energy for charge carrier emission (Schottky 
effect), as shown in Fig.5.5d, which is given by:
3 T
^ h i  =  ‘^ ^m a x ^m  =  (o  2 / %  ~ V  — )}^^^  (5.4)«7T Gg q
where e:^  is the high-frequency pe rm ittiv ity  of the semiconductor and — F  — 
^ ^  I t  follows from equation (5.4) tha t for forward bias {V  > 0 ) ,  the
barrier height is slightly larger than the barrier height at zero bias and tha t for 
reverse bias {V  <  0), the barrier height is slightly smaller.
(b ) T h e  c u rre n t tra n s p o r t  in  m e ta l-s e m ic o n d u c to r con tac ts  
The current transport in  metal-semiconductor contacts is m ainly due to 
m a jo rity  carriers. For a Schottky diode w ith  moderately doped single crystal 
semiconductors (e.g., Si w ith  <  10^' cm~'") operated at moderate temper­
atures (e.g. 300K), the electron current flow is dominated by the transport of 
electrons over the potentia l barrier and can be described by the thermionic emis­
sion theory, which gives the I-V  characteristics as:
J  =  J g [e x p { ^ )  -  1] (5.5)
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Fig. 5.5. Metal-semiconductor contact w ith  insulating interfacial layer, (a) 
surface state effect, (b) flat-band case, (c) w ith  forward arb itrary bias, (d) image- 
force lowing of the barrier.
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where
is the diode current density at zero bias (V  =  0), .4* is Richardson constant 
(% 120A/cm^/RT^) and the effective barrier height. ‘
However, in  practical diodes, the ideal equation (5.5) is never satisfied, but 
is always modified to:
J =  J ^ e x p (^ )[ l  -  e x v { - ^ ) \  (5.7)
where n — ^  d{lnJ) the ideality factor.
In  the reverse direction, the dominant effect is due to the Schottky-barrier 
lowering (image force effect), i.e.
=  A * T ^ e a ;p ( - ^ ) e æ p ( ~ ^ )  (5.8)
(for Vj. >  3kT/q) where A ^ ^  results from the image-force lowering as shown 
in eqn.(5.4). I f  the barrier height is sufficiently smaller than the bandgap then 
the depletion layer generation-recombination current is small in  comparison w ith  
the Schottky emission current. For most practical Schottky diodes, however, the 
dominant reverse current component is the edge-leakage current.
(c) Measurement of barrier height
Basically, four methods can be used to measure the barrier height: the 
current-voltage, activation energy, capacitance-voltage and photoelectric meth­
ods. In  our experiments, two methods were used.
(1) Current-Volt age measurement
As shown in  equations (5.5) and (5.6), the barrier height can be measured 
from the I-V  characteristics (forward bias) of a Schottky diode.
^6 =  ^ i n ( ^ )  (5.9)y
Here, the measured — A^^^ the effective Schottky barrier height.
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(2) Capacitance-Voltage measurement
The capacitance (per un it area) o f a Schottky diode is given:
^  =  (5.10)
The plot of 1/C^  against the applied voltage V  gives a straight line, ( if  is
uniform  in concentration), and from the intercept on the voltage axis, the
barrier height can be measured:
n k T=  (5.11)
where q^ — E ^ -E -p .  This measured q ^  gives the flat-band barrier height.
5.3.2 Metal/amorphous-semiconductor contacts
Many scientists working on Metal/amorphous-Semiconductor (M /a-S) con­
tacts extrapolate the classical single-carrier theories formulated for metal/crystalline- 
semiconductor contacts to M /a-S contacts w ithout any serious justification. How­
ever, this may be misleading because of the difference between crystalline and 
amorphous semiconductors.
Firstly, the Fermi level in  amorphous semiconductors is typica lly located 
in  a quasi-continuum of localized states rather than in a state-free-forbidden 
bandgap. The localized states below the Fermi level are mostly fu ll (acceptor­
like), acting as hole traps; localized states above i t  are mostly empty (donor-like), 
acting as electron traps, so this is two-carrier conduction. Furthermore, some deep 
localized levels may locate at/near the Fermi level of the metal, which enables 
direct tunnelling transition of carriers from the metal in to these deep levels and 
subsequent transport at these or higher levels in  the material, giving an ohmic 
behaviour.
Secondly, the carrier mean-free path in crystalline semiconductors is much 
larger than the w idth of the space charge (depletion) region, (formed by ion­
ized donors in n-type semiconductors), so the space charges are uniform ly dis­
tributed. However, in amorphous semiconductors, the carrier mean-free path is
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much shorter than the w id th  of the space charge region. The space charge re­
gion is now controlled not only by the ionized donors (n-type substrates) but 
also by the density of deep-gap states, which are functions of both distance and 
energy. The space charges are now not uniform ly distributed, which results in 
a different .barrier shape from tha t in a crystalline substrate. For example, the 
electrostatic potential evolution w ith in  a-Si:H at a distance x  from  the interface 
can be given by: ip{x) oc exp{—x /L ^ ) ,  but i t  is ip{x) oc (T ^  — x Ÿ  in  a crystalline 
semiconductor, where Lyj is the maximum depletion w idth.
Third ly, the electron m obility  in amorphous semiconductors is much smaller 
than tha t in crystalline semiconductors and i t  may not satisfy the condition o f the 
electron m obility  for va lid ity  of the thermionic-emission description. The d rift- 
diffusion theory is preferred to the thermionic-emission theory for amorphous 
semiconductor Schottky diodes. Besides the diffusion mechanism, electrons can 
also be transported across the barrier by one-step tunnelling, such as thermionic 
field-emission, or multistep-tunnelling, i.e. the electron tunnels from the semi­
conductor conduction band to the trapping state and then from  this state to the 
metal. The thermionic field-emission w ill be enhanced by the increase o f sub­
strate doping or reverse bias voltage. Because of the presence o f the deep-gap 
localized states in  the depletion region of the amorphous semiconductor, the d if­
fusion and the field-emission process can be possibly combined in  one conduction 
process, namely the diffusion-field-emission process [97], which w ill be a unique 
transport mechanism peculiar to a-Si:H Schottky contacts. There are also other 
conducting mechanisms which affect the current fiow in  M /a-S contacts, such as 
the recombination-generation in the depletion region, m inority  carrier injection, 
etc..
In  addition, there is a much larger number of surface/ interface states in 
M /a-S contacts, which is expected to pin the Fermi level a t/o r near one or the 
other band edge, and i t  should be taken into consideration during Schottky barrier 
formation.
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In spite of above discussions for some specific amorphous semiconductor 
Schottky diodes, there is presently no clear, generally accepted theory for the 
metal/amorphous-semiconductor contacts. Since both thermionic emission and 
diffusion theories give the same diode J-V characteristics, the J-V equation (5.7) 
can s till be used to describe the J-V characteristics of M /a-S contacts in  the 
low forward bias voltage region. The only difference between the thermionic 
emission equation and the diffusion equation is that, in  the diffusion theory, 
Jg — exp{ ), where iV^ is the effective conduction band density of
states, Pq the electron m obility  and the maximum space charge electric field
at the interface. The conducting mechanisms of thermionic emission and diffusion 
can be therefore distinguished by comparing the temperature dependence of the 
current prefactor which is the extrapolated current density at zero bias 
voltage, JgQ =  4l*T ^  for thermionic emission and for diffusion
theory.
Under the reverse bias voltage the diode current is controlled by the 
image-force lowering barrier and can be described by [98]:
4  =  (5.12)
where results from the image-force lowering as described in  eqn.(5.4) and 
C =  1 — l / n .
5.4 Conduction mechanisms in a-SiNg.:H thin film diodes
Since many of the measurements on this th in  film  diode are concerned 
w ith  reverse bias measurements at high fields, the following is an in troduction 
to the theory about the J-V characteristics of a-SiNg.:H th in  film  diodes under 
strong reverse bias [101].
Supposing tha t the device (Fig.5.6a) current under a strong bias is de­
termined by the electron tunnelling (field emission) through the barrier and 
thermionic emission over the barrier, the thermionic emission contribution to the
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current, can be obtained by integration of the part of the supply function 
w ith  energy above the maximum of the barrier [101] [127]:
_  A * 'r^  roo 
•^T E - / u '(5.13)
and the quantum-mechanical tunnelling probability of an electron through a 
reverse-biased Schottky barrier including image-force effects can be calculated 
to give the thermionic field-emission current J^fb
kT  Jo kT h r ' ^ i Q h -Jx i 167T£‘^ a;
(5,14)
where m * is the effective electron tunnelling mass, F  the field at the interface 
w ithout image-force lowering, and u the integration parameter giving the kinetic 
energy of the carriers tha t tunnel through the barrier along x  from  the classical 
turn ing points x i  to X2-
a-SiNx:H MetalMetal
Tunnelling 
constant a
77W77
77777777
Defect states
Valance tail states
(a)
J te/
J tfe,
(b)
Fig. 5.6. (a)Band scheme for an a-8 iNg,:H MSM diode (as shown in Fig.6 .1b)
under the 4-V  bias applied on the N i contact; (b) Activation energy of an electron 
thermionically emitted over the barrier, (-S^/), or tunnelling through the barrier 
(field-emission), .
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The to ta l current, pl^s Jr^g, can be approximated, under the strong 
bias, as:
'^TOT ~  '^TFE “h '^TE ~  ^ ^ (5.15)
where a  =  [kT / q)d lnJ/ d F  is an effective tunnelling constant and the electric 
field F  in  the diode is assumed to be sufficiently high that the electron current is 
lim ited by thermionic emission rather than diffusion.
I t  has been shown tha t the electrical properties o f a-Si:H and silicon rich 
a-SiNg.:H th in  film  M-S-M diodes made using PECVD are determined by the 
current transport through the metal/ semiconductor barriers at the interface, the 
quantum-mechanical tunnelling, and tha t the ir J-V characteristics can be well 
described by equation (5.15) w ith  an effective tunnelling constant of about 40Â.
Using an Arrhenius p lo t of ln [J )  vs 1 /k T  at all field strengths F , the 
thermal activation energy of the conductivity can be determined. A t relatively 
low fields, the activation energy [E^i in Fig.5.6b) decreases w ith  increasing reverse 
bias because of the image-force lowering of the barrier. A t higher reverse bias, 
tunnelling through the depletion potential occurs, effectively lowering the mean 
potentia l energy at which carriers move through the interface, this being refiected 
by the extra lowering of the activation energy (F^/^ in Fig.5.6b).
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C hapter 6
EXPERIM ENTAL
6.1 Sample preparation
The experimental conditions used in  the following chapters are generally 
described here. Any specific conditions w ill be presented in the corresponding 
chapter or section.
(a) Substrates
Two type of silicon substrates were used in our experiments. One was crys­
ta lline silicon wafers, including p-type Si(lOO), (0.1 IÇtcm and 10 ^  20f2cm), 
and n-type Si(lOO), (<  ^ 10cm). Another was a-Si:H films, (250A lOOOA, con­
taining 10% hydrogen), deposited on Cr/glass by PECVD at 150 250°C.
A ll the samples were cleaved into ^  4 cm^ samples before any P H I treatments.
(b) Sample cleaning
Samples were chemically cleaned using Acetone, Methanol, IPA and D1 
water in  an ultra-sonic bath before P i l l  treatments. Ideally, the native oxide 
on the sample surface should be removed (ex. by HF etching) before any P i l l  
treatment. However, because of the sputtering effect during P i l l ,  the th in  native 
oxide can be expected to be quickly sputtered away and the effect of the native 
oxide in our P i l l  experiments was found to be negligible. (Results from our test 
samples showed tha t there was no difference (in electrical effects o f the implants) 
between the samples cleaned by solvent and those etched by buffered HF prior 
to PHI. However, those results were not shown in  the thesis).
(c) P in  experiments
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A fter cleaning, the samples were treated by oxygen or nitrogen P II I  to 
form  SiOg. or SiN^. films on the surface.
The P III  conditions were as follows, (l)b ias voltages between -3kV and 
-lO kV  w ith  50 rv IQOfis pulse w id th  at 50Hz; (2)the processing gas pressui;e was 
at 1.2 ^  2 X 10~'^mbar; the base pressure before P III  was ^  2 x  10"^m bar; and
(3)the im plantation tim e was between 5 seconds and 30 minutes.
(d) Thermal annealing
In  chapter 7, some samples implanted by high dose oxygen or nitrogen were 
annealed in A r at lOOO^C for 30 minutes to form insulating layers on crystalline 
Si substrates.
In  the chapter 8 , for a-8 iNg.:H samples, 100 ~  250°(7 annealing in  N 2 for 
30mins was used to remove irradiation defects in order to form good quality th in  
film  diodes.
(e) Thermal oxide growth
In chapter 7, a set of dry-thermally-grown SiOg on p-Si(lOO) substrates 
was produced as reference samples for MOS diodes. Thermal growth of Si0 2  was 
performed in an oxygen ambient at 1100°C for about 6mins. The thickness of 
the oxide layer was 270 ±  20A measured using ellipsometry.
(f) M -S-M diodes fabrication
For the crystalline substrates (in chapter 7), ohmic m etal/S i contacts were 
made on the back of the Si substrate before P i l l  treatment, except for the samples 
tha t need high temperature (1000° C) annealing after implantation.
The procedure to make the ohmic contacts is as follows: (1)F irstly, the 
native oxide layer on the back of the samples was removed using buffered (10%) 
HF etching. (The front side of the samples can be protected by photo-resist 
i f  necessary.) (2)Secondly, A1 or Au+Sb contacts were deposited on the back
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of the p-Si or n-Si samples, respectively, using PVD (Physical Vapor Deposi­
tion). (3)Finally, p-type substrate samples were annealed in nitrogen at 450°C 
for 30s~3mins, and n-type samples at 300° C for 30s, to form ohmic A l/p -S i or 
Au/n-S i contacts, respectively. (Ohmic contact formation was proved by the 
current-voltage measurements.)
After P II I  treatments and/or the following thermal annealing, nickel con­
tacts (also some A1 contacts) were deposited on the front side (implanted s ili­
con oxide/nitride or thermal-oxide layers) of the sample through a metal mask, 
(0.5 ~  1.5mm in diameter). The fabricated M-S-M diode structure is shown in 
the Fig.6 .la . ( If  the sample was virg in silicon w ithout any P III  treatment, the 
fabricated MSM diode was a Schottky diode.)
The a-Si:H samples (in chapter 8) treated by P III  already had the Cr back 
contact deposited, hence, only Ni front contacts were deposited on a-SiN^, or 
a-SiOg. layers, as shown in Fig.O.lb.
implanted layer
a-SiNx
c-Si
Glass
A1 (orA u+Sb)
(a) (b)
Fig. 6.1. Diagram of M-S-M diode structures.
I t  should be noted tha t the devices used in our experiments, as shown 
in Fig.6.1, are called diodes here though their I-V  characteristics may be quite 
different from that of the conventional diodes such as p /n  junctions. The reason 
to use this name is tha t the device shown in Fig.6 .lb  is the same as that used
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in the active m atrix liquid crystal displays (AM LCD) using a-SiN^^iH Th in  F ilm  
Diodes (TFD), (to be distinguished from the AM LC D  using a-Si:H Th in  F ilm  
Transistors (TFT )). Hence, we also call the devices shown in Fig.6 .1 diodes.
6.2 Measurements
Several measurement methods have been employed to characterize the 
electrical properties of the implanted materials or the im plantation effects caused 
by P I I I  as briefly described in  the following subsections.
6.2.1 Rutherford Backscattering (RBS)
Rutherford Backscattering (RBS) is now a very common analysis technique 
to  measure the atomic concentration in the material or to analyze the defects in  
a crystalline substrate.
When a focused ion beam impinges on a target, some ions w ill be back 
scattered by the target atoms (nucleus). From this backscattering spectrum, some 
useful inform ation about the target, such as the elemental concentration and its 
depth profile, can be obtained. I f  the ion beam is aligned w ith  the crystal axis 
of the crystalline substrate, the backscattering spectrum w ill be largely changed 
because rows or planes of atoms can ’’ steer” energetic ions by means o f a correlated 
series of small-angle collisions. From this RBS-Channeling spectrum, the amount 
and depth d istribution of la ttice disorder, or the composition and thickness of 
amorphous surface layers, (such as Si0 2  in our samples), can be measured.
Fig.6.2 shows a schematic RBS (random) spectrum and a RBS-Channeling 
spectrum, supposing tha t the sample is a th in  Si0 2  layer on a crystalline silicon 
substrate and that the incident ion is He"*". The height o f the silicon RBS spec­
trum , is well defined and can be w ritten  as:
^ S i =  (6.1)
where cr(F7o)^^ is the differential scattering cross section between He"^ and Si at 
the incident ion energy E q, Ü the solid angle spanned by the detector aperture, Q
1 0 0
the to ta l number of incident He"*" ions (charge), A 6! the energy w idth of a channel 
(which is obtained from the system calibration), [e]^j the stopping cross section 
factor of Si at the surface for a given scattering geometry (ex. He"*" incident angle 
of 160° in our experiments).
In  the RBS-Channeling spectrum, the area of oxygen peak, is given
by:
A q = (jQ Q ,Q {N i)0  (6.2)
where Œq is the differential scattering cross section between He~*~ and Oxygen at 
the ion energy E q and {N t)^  oxygen area concentration (atoms/cm*^). Hence, 
from eqn.(6 .1) and eqn.(6 .2), the oxygen surface concentration can be calculated 
from and (other parameters can be found in  the book [102]), to be:
(6.3)
In  the same way, the disordered silicon in  the amorphous Si0 2  also can be esti­
mated from the eqn.(6.3) by replacing Oxygen w ith  Silicon.
4000
O x y g a n
I
170
Channel number
Fig. 6 .2 . Schematic diagram of the RBS random (solid line) and channeling 
(dash line) spectra, supposing tha t the target is a th in  Si0 2  layer on crystalline 
silicon.
In  our RBS experiments, 1.5MeV He"^ ions were used as incident ions and 
the incident angle was 160°. Both random and channeling RBS spectra have
1 0 1
been obtained to analyze the defects (disordered silicon) caused by P III,  and the 
retained oxygen/nitrogen ion dose in the silicon substrate.
6.2.2 Auger Electron Spectroscopy (AES) and Transmission Electron Microscopy 
(TEM)
Cross-section Transmission Electron Microscopy (XTE M ) was employed 
to measure the thickness of the implanted region (an amorphous surface layer) 
and to study the interface quality.
For TE M  measurement, the most im portant th ing is how to properly pre­
pare the TE M  sample. For our samples, the interesting region is ~  400A th ick 
on the surface, so the silicon samples were cut into two pieces and stuck face to  
face. Then they were polished using SiC papers w ith  water lubrication un til they 
became about 50/im th ick and fina lly  they were thinned using an ion beam. The 
working conditions of the Ar"^ ion beam thinner were: acceleration voltage: 6kV; 
beam current per gun: 0.5mA.
The high voltage of the TE M  machine is 200kV, and the image amplifica­
tion was 100,000 300,000.
The AES depth profile measurements were done at Philips Research Lab­
oratory, Redhill, to measure the ion depth profile in the sample. Two amorphous 
silicon samples implanted by nitrogen P II I  using -5kV and -lO kV bias were ana­
lyzed by AES depth profiling. During the AES measurement, the sample surface 
was sputtered using 1.5keV argon at 60° to the normal and the nitrogen sensi­
t iv ity  was determined from a silicon n itride reference standard.
6.2.3 Current-Voltage and Capacitance-Voitage measurements
Current-Voltage (I-V ) and Capacitance-Voitage (C-V at 1 MHz) measure­
ments were made to obtain the I-V  and C-V characteristics of the MSM or MOS 
diodes. From these IV  and CV curves, the electrical properties of the m aterial 
can be characterized.
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(a) B a r r ie r  h e ig h t and  o p tic a l bandgap m easurem ent 
As discussed in  the section (5.3.1) for a m etal/silicon Schottky diode, its 
Schottky barrier height can be measured from its forward I-V  characteristic, (ex. 
as shown in  Fig. 7.7). One simple way to estimate the Schottky barrier height 
is to p lo t the current density J  logarithm ic against the applied voltage V , i.e. 
In J  vs V , then extrapolating In J  vs V  curve (in the linear region V  >  ZkT/e) 
back to  V  =  0 obtains the Jg value. The Schottky barrier height can then be 
calculated from the equation (5.9) using this Jg value. Another way is to use the 
equation (5.7) to f it  the In J  vs V  curve, as shown in Fig.7.7, where V  <  3kT/e  
data also can be fitted. From this fitting , the Jg value and also the ideality factor 
n  can be obtained. The Schottky barrier height can then be calculated from the 
equation (5.9). The barrier height measured from the IV  characteristics is the 
effective Schottky barrier height, not the flat-band barrier height as defined from 
the metal work function and electron affinity.
The Schottky barrier height also can be calculated from  the CV mea­
surement using equation (5.11). P lo tting 1 /C ^ vs V,  (as shown in  Fig.7.8), the 
intercept on the voltage axis is obtained. Meanwhile, the doping level can 
be calculated from this 1/C^  vs V  plot, i.e.  ^ and
then — Ep =  kT ln {N ^ /N fj) ,  where =  2.8 x  lO^^cm""^. Finally, the
(flat-band) barrier height ^ +  kT/e.
For a metal/ a-SiN^.:H/metal diode, since its I-V  characteristic (under the 
high electric field) has a sim ilar formula to the Schottky equation, as described 
in  the equation (5.15), the barrier height of the metal/a-SiNg.:H contact can be 
measured from its I-V  curve { InJ  vs V  or F )  in  the same way as tha t of a Schottky 
diode, (though the conduction mechanism is different). The Jg value is now Jg, 
also obtained by extrapolating In J  vs V  curves back to V  =  0 (or F  =  0).
I f  the contact is Nickel/a-SiNg.:H, the optical bandgap E^^^ of the a- 
SiN^j-.H film  also can be estimated from the this Jg value by comparing i t  w ith
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the published results of the Jq vs p lo t [113], as shown in F ig.6 .3. In  addi­
tion, i f  the estimated optical bandgap is compared w ith  the results shown 
in Fig.5.3, the x value in a-8 iNg.:H also can be estimated.
10 ” ®
-1 2
1.9 2.0 2.1 2.2 2.3 2 .4  2.5
Eopt(ev)
Fig. 6.3. Jq values for C r/a -8 iNg.:H contacts as a function of the optical bandgap 
of a-SiN^jiH films, [after [113]]
(b) Activation energy measurement
For a Frenkel-Poole conduction as described in the equation (5.1), its ther­
mal activation energy E^  ^=  e[Vg — can be measured from the slop of I n l
vs 1 /T  curves for a given electric field F  (or voltage V), i.e.
^  k d ln l
e a (l/T ) (6.4)
For a metal/a-SiNg.:H/metal diode, its activation energy E^  ^ =  e[<^ 5 — ceF] 
of the field emission conduction (under the high electric field as given in  the 
equation (5.15)) can also be measured in the same way.
One practical method to measure the activation energy of an a-SiNg.:H 
MSM diode is given as follows. Firstly, the diode I-V  characteristic was mea­
sured under four different temperatures Tg, T3 and T4 , obtaining four IV  
curves, as shown in Fig.6.4 (which is sim ilar to the Fig.7.23 or Fig.8.12). For a
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given diode voltage or electric field there were four current points ( I j^ j,T j)  
in  the figure (i.e. a.b,c,d in  the figure). From the plot of In l^ j vs l / T j  (as shown
in Fig.6.4), the activation energy F^(T^) can be calculated from the slop: •
By varying the voltage value to be the corresponding activation energy 
can be obtained in the same way, so a plot of the activation energy 
vs applied voltage V  can be obtained (as shown in Fig.7.24 or Fig.8.13).
Current density
logJ
T1
T2
T3
T4
V
Applied Voltage
Fig. 6.4. Schematic diagram of measuring the activation energy of a M-S-M 
diode, (left): J-V characteristics of the M-S-M diode measured at four different 
temperatures; (right): P lot o f LogJ vs 1 /T .
(c) Relative perm ittivity and the flat-band voltage
The relative p e rm ittiv ity  of the oxide films (6^^.) ( or n itride e^^^) can 
be measured from the high frequency C-V characteristics of the MOS (or MIS) 
diodes, (as shown in Fig.7.6). I t  is given by:
^m ax^ox
'O X 0
(6.6)
where is the insulator capacitance (accumulation) as shown in Fig.7.6, A
the contact area, the thickness of the oxide layer and =  8.85 x
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I f  is replaced by the thickness of the n itride layer the relative perm it­
t iv ity  of the n itride can be calculated.
The flat-band voltage is the voltage where the surface potentia l 0^ =  0 
in the C-V characteristics. For an ideal MOS diode, =  0, and the vâ,lue of 
the capacitance at can be calculated from the oxide thickness and the 
substrate doping level [103]. For a practical MOS diode, there are charges in  the 
oxide or at the oxide/silicon interface, and the flat-band voltage in the C-V p lo t 
w ill be shifted by:
^  (6 .6 )
where Qj. is the sum of the effective net oxide charge per un it area at the Si-Si0 2  
interface, and is the capacitance of the oxide layer.
From the measured C-V curves of one MOS diode, its flat-band voltage 
and oxide charge can be estimated using the following method. F irstly, the 
value for the MOS diode can be found from the figures in  ref. [103] using the 
data of the oxide thickness and the substrate doping level. Then, from the C-V 
plot, the corresponding flat-band voltage o f this MOS diode can be determined. 
Finally, the effective net oxide charge can be estimated =  (^o x^^ fb )  from 
the flat-band voltage shift.
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C hapter 7
NITRO G EN AND OXYGEN PIII OF CRYSTALLINE  
SILICON
7.1 High dose nitrogen/oxygen PIII of silicon
7.1.1 Introduction
The first experiments w ith  the P II I  application were concerned w ith  the 
synthesis of insulating layers (silicon oxide or nitride) on silicon for MOS device 
fabrication. The possible benefits are tha t i t  takes only a few minutes to produce 
a few hundred angstroms of insulator on silicon at low temperature near R.T., 
unlike thermal growth of oxides which require treatment at more than 900°C.
Various techniques have been used to grow Si0 2  at low temperatures 
(lower than that for thermal oxide growth) because of the need from indus­
try  [108]. However, the qualities of these low-temperature oxides are not as good 
as tha t of the thermal oxide, (some properties of the silicon oxide films grown by 
different techniques w ill be shown in  the table 7.1).
In  the early work of plasma oxidation of Si at a cat ho die bias [20] (negative 
bias voltage), the thickness o f the plasma sheath is very th in  because of the low 
bias voltage (—50 —600V). I t  demonstrated that: (1) During the first stage
of ion bombardment (<  5 x  10^® ions/cm^), the target surface is sputter cleaned 
from carbon contamination and oxidized. The oxide formed is 40A thick w ith  
its thickness slightly increasing w ith  bias voltage: from 30 to 45A when the 
bias voltage is increased from -70V to -560V. (2) Further oxygen bombardment 
does not change the oxide thickness. (3) The thickness of the oxide is a result 
o f dynamic equilibrium  between the sputtering and oxidation rates. (4) The
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Si damaged layer found after room temperature bombardment (5 ~  30A th ick, 
located underneath the oxide) is not observed after bombardment at 400 °C.
I t  follows tha t the overall process is dominated by the energy of oxygen 
ion bombardment and tha t the presence of active oxygen species (atomic oxygen, 
excited atomic or molecular species...) has lit t le  influence on the kinetics of 
oxide growth. This is different from plasma oxidation of Si under an anodic bias 
(positive bias voltage) [104], where the oxide thickness depends on the processing 
time, as well as the bias voltage, because of the bias enhanced diffusion.
The substrate used in  th is work was 10 ~  20flcm p-Si(lOO). During P III,  
the gas pressures were 3 x  lO” "^  mbar for oxygen and 2 x 10” "^  mbar for nitrogen, 
and bias voltages were -3kV'^-10kV w ith  a 50^s pulse w idth. One set of samples 
was annealed in A r at 1000 °C  for 30mins after implantation.
7.1.2 Results and discussions
7.1.2.1 RBS and TEM analysis
The RBS results in  Fig.7.1, (which were calculated from the RBS spectra 
using the method in  section (6.2)), show tha t during nitrogen or oxygen P II I  for 
times between 1 and 8 mins, the retained ion dose increases w ith  im plantation
1R 9  1 7  ntime, but saturates at about 5 x  10"" ions/cm*" and 1 x  10"’ ions/cm ’^  respec­
tively after im plantation for lOmins (sputter lim ited), which may relate to the ir 
resolutions in silicon. The RBS spectra also show tha t the thickness of the im ­
planted layer is independent of im plantation time, but increases w ith  ion energy, 
(please see Fig.4.20, Fig.4.21 and the discussion in section (4.3.1)). These results 
are consistent w ith  the lite ra ture [20] as discussed in the introduction, suggesting
tha t the oxide/nitride layers were formed by oxygen/ nitrogen im plantation.
22Assuming the oxide is stoichiometric SiOg i.e. having a 4.4 x  10 oxygen 
atoms/cm^ atomic density, the thickness of the implanted layer was determined
to be about 220Â, (=  ^  10^), for the sputter lim ited samples (-lOkV
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Fig. 7.1. The retained ion dose in silicon, measured by RBS, as a function of 
the im plantation time. P II I  conditions are as follows. Bias:-10kV, 50jj,s] Gas 
pressure: oxygen, 3 x  10“ ^ mbar, nitrogen,2 x  mbar.
  (a) as-implanted
  (b) annealed (1000C)
 (c) annealed (1300C)
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Fig. 7.2. RBS-Channelling spectra of oxygen P II I  on silicon. Bias: -lOkV, 50/zs;
Gas pressure: 3 x  10~^ mbar. Im plantation time: lOmins. Curves in the figure: 
(a)as-implanted, (b) annealed at 1000° C in A r for 30mins, (c) annealed at 1300° C 
in  A r for 30mins.
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im plant in Fig.7.1) from the RBS results. A fter oxygen im plantation, no con­
tam ination was detected by RBS. However, in itia l results showed contamination 
of about 5 ~  20% oxygen (in the to ta l nitrogen) in the nitrogen implanted sam­
ples. This contamination, which may affect the dielectric properties of the n itride 
layer, mainly originates from ion sputtering of the Pyrex sample holder. A fter 
re-designing this sample holder, the oxygen contamination was reduced signifi­
cantly.
A fter 1000°C annealing in A r for SOmins, the oxygen concentration is 
increased about 10%, as shown in Fig.7.2, which may be induced from the residual 
oxygen in argon gas or the water vapor in the system. I t  is interesting to note 
tha t the silicon surface peak of this annealed sample, as shown in Fig.7.2, seems 
to consist of two peaks and its height is significantly reduced. The explanation 
for this observation is that some disordered silicon atoms near the oxide/silicon 
interface have been recrystallized and the as-implanted amorphous oxide region 
was narrowed by the thermal annealing, as observed in the form ation of SIMOX 
structure [105].
CO.) /ooo A ( b )
c —S i
Fig. 7.3. XTEM  images of the silicon samples treated by oxygen P III. Bias: 
-lOkV, 50/zs; Gas pressure: 3 x 10“ '^  mbar. Im plantation time: lOmins. (a)as- 
implanted, (b)annealed at 1000°C in A r for 30mins.
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Due to lim ita tion  in the energy resolution of the RBS detecting system, the 
ions scattered from the recrystallized region (w ith accumulated defects) cannot 
be well separated in the ion energy from those scattered from the narrowed oxide 
region as two peaks are overlayed. Hence, the area or height o f the silicon surface 
peak in the RBS-Channelling spectra represents the area density of disordered 
silicon atoms in the sample.
This RBS result was confirmed by X T E M  images, as shown in Fig.7.3. I t  
shows tha t the thickness of the amorphous layer in  the as-implanted sample was 
about 400A. A fter annealing at 1000° C in A r for 30mins, the implanted structure 
consisted of two layers, (a) silicon oxide 200 250A thick, (which is consistent
w ith  the RBS results assuming the oxide layer is Si0 2 ), and (b) a recrystallized 
silicon layer w ith  accumulated defects.
The accumulated defects in Fig.7.3b m ight be annealed out i f  higher tem­
perature (>  1300°C) annealing is employed as in good quality SIM OX structure 
production. However, further experiments on thermal annealing of these samples 
showed tha t following 1300° C annealing, the oxygen diffused to ta lly  out of the 
silicon and the crystal quality o f the substrate improved significantly, as shown in  
Fig.7.2. Similar results have been reported in  the annealing of low energy SIM OX 
samples.
7.1.2.2 Electrical characterization
We found tha t all the as-implanted samples were very conductive, i.e. 
not insulating layers. Some I-V  characteristics of the as-implanted samples w ill 
be described in the section (7.2), (where for the samples w ith  very high dose 
im plantation). No MOS diode like C-V characteristics can be measured from 
the as-implanted samples in M-S-M structures (one example w ill be shown in 
Fig.7.5). Hence, in this section, only the electrical/ insulating properties of the 
annealed samples w ill be described and compared w ith  tha t of the thermal oxide.
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Fig. 7.4. Current-Voltage characteristics of MOS capacitors synthesized by -
lOkV oxygen P H I of p-Si for lOmins and 15mins followed by a 1000°C anneal for 
SOrains. (a)LogJ vs V; (b)LogJ vs (forward bias).
112
The I-V  and C-V characteristics in Fig.7.4 and Fig.7.5, which were mea­
sured from the oxide samples synthesized by PH I followed by a high temper­
ature anneal, show tha t the measured diodes are MOS or MIS diodes. The 
forward diode current in Fig.7.4b has the Schottky or Frenkel-Poole eniission 
characteristics[106]: In J  oc as described in eqn.(5.1), where the electric
field in the oxide film  can be approximated to E  =  V /d  under the forward bias 
(accumulation) and d the thickness of the film . However, the reverse diode cur­
rent (leakage) was very high, suggesting tha t the insulating quality of the oxide 
layer was not very good even after this high temperature (1000°C) anneal, which 
may be due to the residual defects in  the oxide, (possiblely silicon inclusions in 
the oxide or extended defects across the th in  insulating layer).
The linear graphs of LogJ  vs in  Fig.7.4b give a /5 value of about 
1.7 X  10“ ^ for d =  250Â. This (3 value, which appears to support
the Schottky barrier emission mechanism, is ha lf of the Frenkel-Poole constant 
('^  3.8 X 10“ ^ for Si0 2 , ^SiOo ~  3 9). However, the conduction mech­
anism in these dielectric films is expected to be the bulk Frenkel-Poole emission 
rather than the Schottky barrier emission which postulates tha t the bulk of the 
dielectric material offers negligible resistance to  the current. Recent research on 
the Frenkel-Poole conduction also shows tha t the j3 value of Frenkel-Poole emis­
sion decreases w ith  the increasing defect concentration in  the material, changing 
from Frenkel-Poole emission to " Schottky like” emission [107]. This result also 
suggests tha t there are many defects in  the oxide.
The I-V  measurements also show tha t all the sputter lim ited oxide layers 
remain resistive even when the bias voltage was greater than -20V, meaning 
tha t the break down electric field >  8 M V /cm  (assuming d^^ =  250A). 
The in trinsic breakdown voltage of Si0 2 , (which increases as the oxide thickness 
decreases for very th in  therm ally grown Si0 2 ), is about 30V for 250A thick oxide 
(FgD =  13 M V /cm ) and -^SMV/cm for th ick therm ally growth SiO2[109], Some 
nitrogen implanted samples, however, broke down at about -8V  and have higher
113
leakage currents than the oxygen implanted samples, especially for the samples 
implanted for a short time.
The capacitance of samples was measured as a function of applied voltage 
(Fig.7.5) and from the saturation value, in forward bias, values of the oxide
and n itride perm itiv ity, and respectively, were calculated assuming an 
insulator thickness of dç,^ =  200 ~  250Â, =  {Cq^ IA ) {dQ^ / w h e r e  A  is the
contact area.). was found to have values of 4.7 6.0 and in the range of
6 7 for im plantation times of 10 20mins w ith  a bias voltage o f-lO kV . Samples
produced w ith  lower im plantation times have high leakage currents and could not 
be measured using the C-V technique because of the ir high conductivities. This 
measured Eq^  value is higher than the expected value of 3.9 for silicon dioxide. 
One reason for the measured high Eq^  value is tha t the synthesized oxide is poor 
quality w ith  defects, just like other oxide grown by low-temperature techniques 
having higher e^^ value. Another im portant reason should be the experimental 
error, such as the oxide thickness measurement (XTEM ) error (~  ±25Â ) and the 
contact area error (^^=. ^  ±15%), which w ill results in an uncertainty of about 
± 20% in the value of the measured perm ittiv ity .
C-V analysis in Fig.7.5 also shows that the S i/S i0 2  interface was not very 
sharp and has a wide interface state (charge) d istribution in the broaden inter­
face, consistent w ith  X TE M  images in Fig.7.3. I t  takes about 10V  to increase 
the capacitance value from to or Cq^ . The flat-band voltage
(where % 0.25, please see section (6.2.3)), shifted about —5 ±  2V
in  comparison to the ideal MOS diode C-V curves. I t  indicates the effective 
net charge in bulk oxide traps at the S i/S i0 2  interface is 6 ±  2 x  loA^ interface
states/cm^, (V j^  =  +  0 ^ ,  (j)^g — —0.25V for A l-S i work-function differ­
ence.) and these charges cannot be annealed out by 1000° C annealing. This high 
interface state density is attributed to the defects in the damaged region beneath 
the oxide layer, which act as charge traps during current flow. For comparison, a 
C-V measurement of the as-implanted sample (lOmins) is also shown in Fig.7.5.
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Fig. 7.5. Capacitance-Voltage characteristics of MOS capacitors synthesized by 
-lO kV  oxygen P II I  of p-Si for 15mins and lOmins, followed by a 1000°C anneal for 
SOmins, together w ith  one result obtained from the as-implanted sample (lOmins).
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Fig. 7.6. Capacitance-Voltage characteristics of thermal oxide (270±20A) MOS 
capacitors.
115
The capacitance of the as-implanted SiO^, layer cannot be measured because of 
the high flowing current via defect states.
Fig.7 .6 shows the C-V measurements of MOS diodes containing a ther­
m ally grown oxide. The value of is sim ilar to  the value shown in Fig.7.5.
I t  clearly shows the three regions in the high frequency C-V curves of an ideal 
MOS diode, i.e. ^m in  deep depletion. However, the oxide perm it­
t iv ity  calculated from these C-V curves was =  5 ±  1 , which was also higher 
than the expected value of 3.9. The reason for this measured high value is 
suggested to result from the experimental error, m ainly due to uncertainties in  
the oxide thickness and contact area, as discussed before. In  addition, a signif­
icant flat-band voltage shift of —2.2 ±  0.5V, (where % 0.83), was
also observed. The reason m ight be due to  the pre-cleaning procedure, i.e. the 
Si surface may not be cleaned well enough before oxidation. Any impurities on 
the silicon surface w ill induce surface states at the S i/S i0 2  interface. I t  is very 
d ifficu lt to obtain ideal MOS diode C-V plots under our general experimental 
conditions in this work.
Table 7.1. Properties of silicon oxide films grown by using different techniques. 
(The data obtained from other techniques except P II I  were extracted from the 
ref. [108])
D e p o s itio n P E C V D A P C V D L P C V D P I I I ,  annealed T h e rm a l
Temperature (° (7) 250 ~  400 400 400 900 -  1000 1000
Composition SiO^(H) Si0 2 (H) 8102 (H) SiO^ Si0 2
^ox -  5 - 4.0 rx, 4.3 4 . 7 - 6 3.9
Ebd (M V /cm ) 3 ^ 6 3 ~  6 8 - 1 0 > 8 11
Density (g/cm*^) 2.3 1 - ^ 2 2.1 -  2.2 - 2.2 2.2
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Compared w ith  the thermal Si0 2 , the oxide synthesized by oxygen P II I  
was of poor quality. Some properties of the oxide film  synthesized via P I I I  (an­
nealed) are listed in the table 7.1 and compared w ith  those obtained using other 
techniques [108]. I t  shows tha t the oxide synthesized via P I I I  followed by a ther-i
mal anneal has comparable properties w ith  oxides grown by other techniques, but 
no advantages. The properties of the as-implanted oxide films were not obtained 
because they were all very conductive.
Prom the above brief characterization of the oxide layer synthesized via 
P I I I  at room temperature followed by a high temperature anneal, i t  was shown 
tha t the oxide (and the interface) quality was not good. Therefore, we thought 
tha t i t  m ight not be worth carrying out further research on the synthesis of Si0 2  
via P III. We changed the research interest to the production of silicon alloys using 
the P II I  technique as described in the following sections and chapter.
7.1.3 Conclusions
I t  can be concluded from the above RBS and TE M  analysis tha t the ox­
ide /n itride  films synthesized via P I I I  were the result o f dynamic equilibrium  be­
tween the sputtering and ion im plantation process. The thickness of the as- 
implanted oxide/nitride layers v ia  P I I I  using -lO kV bias was about 400A. A fte r 
annealing at 1000°(7, the implanted structure consisted of two layers, (a)silicon 
oxide/n itride 200A  — 250A, and (b) a recrystallized silicon layer (— 150A) be­
neath the oxide/nitride containing defects.
The electrical measurements show tha t the oxide/n itride films, which were 
formed via P II I  followed by a 1000° C anneal for SOmins, have the relative perm it­
tiv ities of Eqj, =  4.7 — 6 and 7, respectively. However, a ll the as-implanted
samples were very conductive, meaning tha t the P II I  technique cannot be used 
to  form insulating oxide/nitride at low temperature (R .T.). Furthermore, the 
leakage currents in all devices were high compared w ith  values for good qua lity
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oxide/nitride layers because of the residual damage following annealing. O pti­
m ization of both the P II I  conditions, (such as using higher bias voltage and at 
elevated substrate temperature during im plantation), and subsequent processing 
(annealing conditions) may produce device quality SIMOX structures, which w illt
have applications to  sub-micron CMOS devices.
7.2 Low and medium dose nitrogen/oxygen PIII of silicon
7.2.1 Introduction
This section concentrates on the nitrogen/oxygen alloying effects on crys­
ta lline silicon using low and medium dose ion im plantation via P II I  at room 
temperature. P I I I  is used to m odify the surface properties of crystalline silicon 
and/or to form silicon rich SiNg./SiOg. alloys on the silicon surface.
A  series of p-Si(lOO) (0.1 — lQ,cm) and n-Si(lOO) substrates were im ­
planted w ith  nitrogen or oxygen P II I  using -lO kV bias at a low gas pressure
1.2 — 1.4 X  10“ '^mbar. A ll the samples were analyzed by RBS and fabricated 
in to MSM diodes (as shown in  Fig.6.1a). Their I-V  characteristics were mea­
sured to explore the electrical effects of nitrogen/oxygen implants in to the silicon 
substrates.
7.2.2 Results and discussions
7.2.2.1 Reference samples (Schottky diodes)
In  order to interpret the I-V  characteristics of M-S-M diodes made on 
P II I  treated samples, i t  is necessary to have MSM diodes made on virg in  silicon 
substrate, i.e. m etal/silicon Schottky diodes.
Fig.7.7 shows the I-V  characteristics of a N i/n -S i Schottky diode, (the 
native oxide layer on the silicon surface was etched away by buffered HF before 
the metal deposition). The effective barrier height (f)^  — 0.59eV and an ideality 
factor n =  1.02 were obtained from this I-V  characteristic using the calculation 
method introduced in section (6.2.3). The experimental data can be fitted quite
118
10"
Q
d  10
O  Experimental 
— Theory
0.050.00 0.10 0.15 0.20
Voltage(V)
Fig. 7.7. Forward I-V  characteristics of a N i/n -S i Schottky diode. The modified 
Schottky equations (5.7) and (5.8), (the solid line in the figure), was used to f it  
the experimental data, giving a =  0.59eV and an ideality factor n  =  1.02.
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Fig. 7.8. C-V characteristics, {1 /C  vs V ), of a N i/n -S i Schottky diode.
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well between V  =  0 .02V  and V  =  0.15V using the modified thermionic Schottky 
equations (5.7) and (5.8), (these equations can be used to f it  experimental data 
even when V  <  SkT/q), as shown in Fig.7.7. However, the diode current deviated 
from the Schottky equation when the applied voltage was higher than ~0.2V  
because of the series resistance of the bulk silicon. The barrier height measured 
from  the C-V characteristic, as shown in  Fig.7.8, was 0.60 =b O.OleV (see section 
(6.2.3) for the calculation method), which should be the flat-band barrier height 
and slightly larger than tha t measured by the I-V  method. I t  is consistent w ith  
the reported values of N i/n -S i contacts('^ 0.61eV) [109].
Table 7.2 shows some measured Schottky barrier heights using I-V  and/or 
C-V methods. I t  is interesting to note tha t the effective barrier height decreases 
w ith  increasing doping levels (or decreasing wafer resistance), consistent w ith  the 
theoretical predictions (eqn.5.3). Most of metal-semiconductor contacts made 
on highly doped p-Si substrates (0.1 lQ,cm) were found to be ohmic contacts 
w ithout any thermal treatment.
The measured barrier heights o f A l/c-S i and N i/c-S i contacts appeared the 
same, which m ight be due to surface states or interfacial layers. The Schottky 
barrier height was found to be sensitive to an insulating interfacial layer. I t  
was about 0.6 0.8 eV for Al-S i or N i-Si Schottky diodes made on p-Si i f  the
silicon surface was just cleaned by solvent w ithout HF etching, and this value 
was independent of the doping levels and the choice of metals. The native oxide 
layer was about 20 30A th ick on a virg in  silicon wafer. This oxide layer was
th ick enough to significantly reduce the current flowing through the diode, which 
resulted in  a larger measured barrier height, and to screen the semiconductor 
from the electric field in  the insulating layer, so tha t the amount of the charge 
in the depletion region (and therefore the barrier height) was independent of the 
work function o f the metal.
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Table 7.2. Measured Schottky barrier heights (at 300K).
M e ta l S em iconducto rs
0.1 I f lc m  p -S i 10 ^  20f2cm p -S i ~  10cm n -S i a -S i:H
N i 0.47 ± 0.02 eV 0.59 ±  0.02 eV 0.91 ±  0.02 eV
A l 0.44 ±  0.04 eV 0.58 ±  0.02 eV
C r 0.84 ±  0.02 eV
7.2.2.2 RBS and AES analysis
Fig.7.9 and Fig.7.10 show the RBS-Channelling spectra following oxygen 
and nitrogen P II I  in  crystalline silicon, respectively. The amount o f retained 
oxygen/nitrogen ions in the silicon substrate and the amount of the disordered 
silicon atoms in the implanted region are shown in Fig.7.11, (calculated from 
Fig.7.9 and Fig.7.10 using the method in  section (6 .2 .1)). However, The He"*” 
RBS measurement was not sensitive enough to measure the low dose nitrogen 
implants (e.g. <  3 x  10^® ions/cm^). The retained nitrogen ion dose in  the 
samples, which were treated by nitrogen P II I  for 5 60 seconds, cannot be
measured by RBS, but estimated, by extrapolating results of samples treated by 
oxygen P III, to be in the order of a few 10^** 1 x  10^^ ions/cm ".
The results in  Fig.7.11 show tha t the amount of disordered silicon atoms in  
the implanted region increases very quickly w ith  im plantation tim e between 5 and 
20 seconds and saturates after P I I I  treatment for about 1 m inute. Fig.7.12 shows 
in  more detail the development of the silicon surface peaks (channel 265-275) 
during nitrogen P II I  of crystalline silicon between 5 seconds and 60 seconds. The 
data indicates that the implanted region was s till crystalline when the im planta­
tion tim e was shorter than 20 seconds. A fter nitrogen/oxygen P II I  of silicon for 
40 seconds or longer, the implanted region was to ta lly  amorphized.
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Fig. 7.9. RBS-Channelling spectra of oxygen P III  in to silicon w ith  different 
im plantation times. P II I  conditions are: Bias: -lOkV, lOOas; Gas pressure: 1.2 ~  
1.4 X lO^'^mbar; Time: lOs^^lOmins.
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Fig. 7.10. RBS-Channelling spectra of nitrogen P III  in to silicon w ith  different 
im plantation times. P II I  conditions are: Bias: -lOkV, 100/is; Gas pressure: 1.2 
1.4 X lO'^'^mbar.
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Fig. 7.11. The amount of retained oxygen, nitrogen ion dose and disordered 
silicon atoms on surface as a function of im plantation times, (data were calculated 
from the RBS spectra in Fig.7.9 and Fig.7.10).
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Fig. 7.12. RBS-Channelling spectra of silicon surface peaks treated by nitrogen 
P II I  for 5 to 60seconds. Bias: -lOkV, lOOfis; Gas pressure: 1.2 1.4x10 "^mbar.
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Fig. 7.13. Nitrogen concentration in a-Si:H as a function of the depth, (i.e. the 
depth profile), measured by AES. The sample was treated by nitrogen P III: bias, 
-lOkV, 100/is; gas pressure, 2 x  10“ '^mbar; im plantation time, 2mins.
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There is no direct measurement of the oxygen/nitrogen depth profile in 
silicon for these samples. However, one nitrogen depth profile in  a-Si treated 
by nitrogen P II I  w ith  -lO kV pulse has been measured by AES, as shown in 
Fig.7.13. Most of the implanted nitrogen ions were distributed in  a '~ , 250A 
thick region, which is the ion range of 5keV in a-Si 150 ±  90A. This result 
confirms our discussions in  section (4.3.1) tha t most of ions implanted into silicon 
were molecular n J .  We believe tha t Fig.7.13 should be a good approximation 
of nitrogen depth profile in crystalline silicon and tha t sim ilar results should be 
expected for the samples treated by oxygen P III.
The to ta l thickness of the implanted amorphous layer was about 400A mea­
sured from X T E M  (Fig.7.3), which corresponds to the RBS analysis of the con­
centration of disordered silicon atoms at the surface. Hence, i t  can be predicted 
tha t most of the implanted nitrogen/ oxygen ions are distributed in a 250A  th ick
region w ith  an average nitrogen/oxygen concentration of about 50% or more, i.e. 
a; >  1 for a-SiN^. or a-SiO^, when the im plantation time is longer than Smins. 
Beneath this is ISOA th ick silicon rich amorphous region containing only a small 
amount of nitrogen/oxygen.
7.2.2.3 Electrical effects of nitrogen PIII on c-Si
(a) A s - im p la n te d  sam ples
Fig.7.14 and Fig.7.15 show the I-V  characteristics o f MSM diodes (Fig.O.la) 
made on p-Si and n-Si treated using nitrogen PH I for different times. Compari­
son w ith  the two reference samples (N i/p-S i and N i/n -S i Schottky diodes) shows 
tha t the effects of nitrogen im plantation are very significant.
For the samples w ith  very low dose im plantation (t=5s and 10s), the im ­
planted regions were s till crystalline w ith  defects, as determined by RBS, and 
the ir I-V  characteristics remained barrier controlled as shown in  Fig.7.16. The 
experimental data in Fig.7.16, (p-Si, forward biased), f it  well w ith  the Schottky
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Fig. 7.14. J-V characteristics of MSM diodes fabricated on p-Si treated by 
nitrogen P II I  for times between 5s and 20mins. (~10kV bias; gas pressure: 1.2 ^
1.4 X 10 '^mbar.)
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Pig. 7.15. J-V characteristics of MSM diodes fabricated on n-Si treated by 
nitrogen P III  for times between 5s and 20mins. (-lOkV bias; gas pressure: 1.2
1.4 X 10~^mbar.)
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Fig. 7.16. Forward biased J-V characteristics of MSM diodes fabricated on p-Si 
treated by nitrogen P II I  for 5s and 10s, (data extracted from Fig.7.14). The 
modified Schottky equations (5.7) and (5.8), (the solid lines in  the figure), was 
used to f it  the experimental data, giving =  0.67eV, O.GSeV and ideality factors 
n =  1.10, 1.16, respectively.
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Fig. 7.17. Modification of Schottky barrier height by in troduction of donor-like 
defects or positive space charges into the depletion region (after [112]).
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thermionic emission equations (5.7) and (5.8), giving effective barrier heights of 
=  0.67eV, 0 .68eV and ideality factors n — 1.10, 1.16, respectively. These large 
values of ideality factor suggest that a large number of interface states or space 
charged defects have been introduced in to the depletion region by ion implanta­
tion, as predicted from the. interfacial layer model (eqn.5.2). In the same way, the 
effective Schottky barrier heights of n-Si MSM diodes treated by nitrogen P II I  
for 5s and 10s were found to be reduced to 0.44 ±  0.02eV.
These I-V  characteristics show tha t the effective Schottky barrier height 
of metal-silicon contacts was increased for p-Si and reduced for n-Si by the low 
dose nitrogen im plantation because of the introduction of donor-like defects and 
positive space charges into the depletion region [112]. I t  should be noted tha t 
nitrogen can act as a donor and tha t positively charged centres can be introduced 
in to the silicon by ion implantation. These charged defects and donors, which 
are distributed w ith in  the depletion region of the Schottky diode, change the 
charge distribution and the barrier shape. The effective Schottky barrier height 
is therefore increased for p-type silicon and reduced for n-type silicon [112], as 
shown in Fig.7.17.
When the im plantation tim e is increased, RBS results indicated tha t the 
damaged layer became amorphous. The diode structure was changed from M /c- 
S i/M  (Schottky diodes) to M /a-S iN ^/c-S i/M . The diode current decreased for 
both p- and n-type silicon diodes w ith  further implantation.
The bandgap of the amorphous silicon containing nitrogen is larger than 
tha t of single crystal silicon and the barrier height of N i/a -S iN x is also larger 
than tha t of N i/c-S i [113]. However, there are large numbers of defects in the 
amorphous layer, most of which are expected to be silicon dangling bonds, partic­
ularly since no hydrogen has been deliberately introduced into the layer. These 
defects increase the bond angle variations and the strength of band tails in the 
forbidden energy gap of the amorphous silicon nitride [114], and enable carriers 
to be transported easily via the Frenkel-Poole effect [115]. In Fig.7.18, logJ  is 
replotted against and i t  shows good correlation w ith  Frenkel-Poole equation
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Fig. 7.18. Replot of the 4-V biased I-V  characteristics in Fig.7.15 in  the form  of 
logJ  vs showing the Frenkel-Poole conduction characteristics.
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Fig. 7.19. Schematic diagram of p- and n-type silicon diodes under reverse bias: 
-bV for p-Si diodes; -V  for n-Si diodes.
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(5.1) for times >  2minutes. The (3 value calculated for the sample treated by P II I  
for 20mins was about 2.8 x  10“ ^, giving % 7 for the Frenkel-Poole emission.
In  the reverse bias region, the applied voltage is dropped across both the 
amorphous layer and the depletion layer in the crystalline silicon substrate.'^ Both 
electrons and holes are restricted by emission over the metal/semiconductor bar­
rier or the a-SiNg, layer. Here, we believe tha t electron conduction dominates in 
both p-type and n-type silicon diodes.
For p-type silicon diodes, under the reverse bias (+ V ), the free electrons 
flowing through the diode were generated in the depletion region in the p-Si sub­
strate and then transported through the implanted region, as shown in  Fig.7.19a. 
Since electrons are m inority carriers in  p-Si, the (reverse) diode current saturated 
to some extent, as shown in Fig.7.14.
For n-type silicon diodes, the reverse (-V) diode current was controlled by 
the barrier of electron injection from metal in to the semiconductor, as shown in  
Fig.7.19b. Since the barrier height has been reduced by nitrogen im plantation 
and there are plenty of free electrons in both the metal and the n-Si substrate, 
the diode current is very high and almost symmetric under forward and reverse 
biases, as shown in Fig.7.15.
As more nitrogen is added to the a-SiNg. layer, (i.e. increasing the implan­
ta tion  tim e), more Si-N bonds are formed and there is an increase in  the optical 
bandgap and the activation energy qVg, reducing the diode currents as shown in 
Fig.7.14 and Fig.7.15.
For the very high dose implantation, t  >  Smins, both p-type and n- 
type diodes have nearly symmetric I-V  characteristics as shown in  Fig.7.14 and 
Fig.7.15. We believe tha t both forward and reverse diode current are now con­
tro lled by the defect states in the forbidden energy gap of the a-SiNg,.
(b) Effects of thermal annealing and hydrogenation
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Fig. 7.20. Current-Voltage characteristics of MSM diodes fabricated on n-Si
treated by nitrogen P II I  for Smins. Sample A: no hydrogen passivation. Sample 
B: hydrogen passivated using P III. Annealing: 250°(7 for SOmins.
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Fig. 7.21. Simplified energy diagram of one a-SiNg.:H MSM diode (sample B, 
annealed, in Fig.7.20), which ignores any bond binding at interface or inside the 
amorphous layer.
131
Thermal annealing is expected to remove some defects and recover broken 
bonds. On the other hand, hydrogen passivation is also found to be very efficient 
in removing both silicon and nitrogen dangling bonds in a-SiN^, [116] . One exam­
ple of thermal annealing and hydrogen passivation is reported here. The sample 
produced by nitrogen P II I  treatment of n-Si for Smins was cut in to two pieces 
(A  and B). Sample A  was annealed in nitrogen at 250°C for SOmins. Sample B 
was hydrogenated by hydrogen P II I  w ith  -2kV bias, which has an ion range close 
to tha t of lOkeV in a-Si. The hydrogen gas pressure was 4 x  10~'^mbar and 
the irradiation time was Smins. The sample was then also annealed in  nitrogen 
at 2S0°C for SOmins.
The results obtained are shown in Fig.7.20. Both thermal annealing and 
hydrogen passivation were found to improve the quality of a-SiN^, layer w ith  
hydrogen passivation being more efficient than thermal annealing. The reverse 
diode currents were reduced and the forward currents were increased, suggesting 
tha t the density of defect states in the a-SiN^. forbidden energy gap was reduced. 
In particular, the sample, which was passivated by hydrogen prior to  annealing 
had an I-V  characteristic in  good agreement w ith  the Schottky emission equation, 
suggesting tha t the quality of the c-Si/a-SiN^. interface has been improved and 
tha t the a-8 iNg.:H layer has fewer defects. The barrier height for Ni/a-SiNg.:H 
of sample B in Fig.7.20 was estimated, (from the Jg value), to be about 0.87eV, 
corresponding to an a-SiNg.:H layer w ith  optical bandgap of about 2.0eV [IIS ] (see 
Fig.6 .S). According to the relationship between the bandgap and the nitrogen 
concentration x  (as shown in Fig.S.S), the x  value was estimated to be O.S ^  
0.4 [116], which is consistent w ith  the RBS result.
Fig.7.21 shows a simplified energy diagram of this diode, which ignored 
any bond binding at interface or inside the amorphous layer. I t  was estimated 
from the I-V  measurement of the barrier height (Fig.7.20) and C-V measurement 
of the substrate doping level (Fig.7.8).
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Fig. 7.22. C-V characteristics of MSM diodes fabricated on n-Si treated by- 
nitrogen P II I  for Smins followed by hydrogen passivation and 250° annealing, 
(sample B, annealed, in  Fig.7.20).
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A good C-V curve also has been obtained from this diode, as shown in 
Fig.7.22, which also showed the improved quality of the metal/a-SiN^, and a- 
SiNjp/c-Si interfaces. The relative pe rm ittiv ity  of the a-SiN^, film  was calculated 
to be about 9.8, — ^ m a x ^ S i N for a 400A th ick a-SiN^. layer, which is
between the value for 8 igN^ (7.5) and tha t for silicon (11.9). The flat-band voltage 
of this MSM diode was shifted by —2V, suggesting tha t the positive charges 
introduced by ion im plantation were not to ta lly  removed by hydrogenation and 
annealing.
Further inform ation can be obtained from the measurements of the acti­
vation energies for the sample A  and B. Fig.7.23 shows the I-V  characteristics of 
the sample A  (annealed) measured at four different temperatures. The resulting 
activation energy, (which were calculated using the method in section (6.2.3)), 
as a function of the applied voltage was plotted in  Fig. 7.24. S im ilar results were 
obtained for the sample B (annealed) as shown in  Fig.7.25.
For the sample A, both forward (4-V bias) and reverse (-V  bias) diode 
currents were dominated by the Frenkel-Poole emission of trapped electrons in 
defect states, as indicated in Fig.7.24. However, 4-V  bias (accumulation) induced 
a stronger electric field in  the a-SiN^ film  than -V  bias (depletion), which resulted 
in a quicker decrease of the activation energy w ith  increasing applied voltage.
For the sample B, hydrogenation significantly reduced the defect concen­
tra tion  in the a-SiNg. film . Ideally, i f  there are no defects in the a-SiNg.:H film , 
the forward (4-V bias) diode current should be controlled by the barrier between 
the a-SiNg.;H and the crystalline silicon substrate, and the reverse current (-V  
bias) dominated by the barrier height of the metal/a-SiNg.;H barrier or the car­
rier generation-recombination in the depletion (space charge) region of the silicon 
substrate.
The result in Fig.7.25 shows that the activation energy for electron injec­
tion from metal into a-SiNg,;H (-V bias) was about 0.2eV, suggesting tha t there 
m ight be defect state energy levels at 0.2eV above the metal Fermi level in  a- 
SiNg,:H, as shown in Fig.7.26. Under -V  bias, the w idth of the depletion region
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Fig. 7.23. I-V  characteristics of one a-8 iNg.:H MSM diode (sample A  annealed, 
Fig.7.20) w ith  four different measuring temperatures.
0.25
O experimental
0.20
0.15
<
0.05
0.00 1.0 3.0- 1.0 2.00.0-3.0 - 2.0
Applied Voltage (V)
Fig. 7.24. Activation energy of one a-8 iNg.:H MSM diode (sample A  annealed, 
Fig.7.20) as a function of the applied voltage, which were calculated from the 
I-V  data in Fig.7.23. The dash line is the activation energy for a Frenkel-Poole 
conduction: ■> where a and 6 are constant.
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Fig. 7.25. Activation energy of one a-SiNj.:H MSM diode (sample B annealed, 
Fig.7.20) as a function of the applied voltage.
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Fig. 7.26. Band scheme for a metal/a-SiNg.:H /c -8 i diode (sample B, Fig.7.20) 
under -V  and + V  bias.
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in the c-Si substrate increased w ith  the increasing applied voltage, resulting in 
almost no change of the electric field in the a-SiN^^iH layer, so the activation en­
ergy remained almost constant w ith  increasing bias voltage, as shown in Fig.7.25. 
Since the defect concentration has been significantly reduced, the diode current 
was very low, as shown in Fig.7.20.
Under - fV  bias, electrons were accumulated at the a-SiNg.:H/c-Si interface 
and can be therm ionically emitted or tunnel from Eg of c-Si through the a- 
SiNgjiH/c-Si barrier into the Eg of a-SiNg.:H or defect states in  a-SiNg.:H, as 
shown in  Fig.7.26. The activation energy (effective barrier height) decreased very 
quickly w ith  the increasing bias voltage, as shown in Fig.7.25. This phenomenon 
is sim ilar to tha t in metal/a-SiNg.:H/metal th in  film  diodes as discussed in the 
next chapter.
7.2.2.4 Electrical effects of oxygen P ill on c-Si
The effect of oxygen PH I of crystalline silicon is sim ilar to tha t of nitrogen. 
Fig.7.27 and Fig.7.28 show the I-V  characteristics of MSM diodes (Fig.6.1a) fab­
ricated on p-Si and n-Si treated by oxygen F i l l  for different times, qualitatively 
they are almost the same as Fig.7.14 and Fig.7.15. The only difference is tha t the 
currents of the diodes treated by oxygen PH I are lower because the implanted 
oxygen atoms form S i-0  bonds which are stronger than N-Si bonds, resulting in 
larger bandgaps or higher barrier heights.
Similar to the nitrogen PHI, very low dose oxygen P H I of crystalline silicon 
resulted in a decreased barrier height for p-Si and an increased barrier height for 
n-Si. Higher dose oxygen im plantation formed SiOg. alloys on the crystalline 
silicon substrate. When the ion dose became sputter lim ited, the synthesized 
oxide layer became highly resistive, but was not a good insulating layer.
The I-V  characteristics (forward biased) in Fig.7.27 and Fig.7.28 show tha t 
the samples treated by low dose oxygen P II I  have Frenkel-Poole emission charac­
teristics, suggesting tha t the conduction mechanism was dominated by emission
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Fig, 7.27. J-V characteristics of MSM diodes fabricated on p-Si treated by 
oxygen P II I  for times between 10s and 20mins. (-lOkV bias; gas pressure: 1.2 ^
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of trapped electrons from defect states into the a-SiOg. conduction band, sim ilar 
to tha t o f a-SiNjp. When more oxygen atoms were added to the a-SiOj., its con­
duction band energy level was raised, resulting in  reduced emission probability of 
the trapped electrons into the conduction band and therefore a reduced current.
Under reverse bias, (-{-V for p-type silicon diodes and -V  for n-type silicon 
diodes), the I-V  characteristic in Fig.7.27 and Fig.7.28 also was sim ilar to tha t of 
a-SiNg. diodes in Fig.7.14 and Fig.7.15, and can be interpreted in the same way.
7.2.3 Conclusions
I t  is concluded tha t very low dose nitrogen/ oxygen P II I  of single crystal 
silicon (<  a few 10^^ ions/cm^) introduced charged defects into the silicon, which 
modified the Schottky barrier height, causing an increase in p-type silicon (A0/^ py 
4-0.21ey) and a decrease in n-type silicon (A^g —0.15eV).
Medium and high doses produce a layer of silicon rich amorphous silicon 
n itride or oxide w ith  the retained nitrogen/oxygen concentration up to an average 
value o f about 50% (æ % 1 in  SiO^j/SiNg.) or more, as determined by both RBS 
and AES. The bandgap or barrier height of a-SiN^(or a-SiO^,) increased w ith  
increasing nitrogen (oxygen) concentration, and the conduction mechanisms of 
m e ta l/8 iNg.(SiO^)/c-Si diodes produced by P II I  are controlled by the emission 
of trapped electrons from defect states into SiNg.(SiOg.) conduction band.
Low temperature thermal annealing and hydrogen passivation of the n i­
trides were found to be effective in improving the electrical properties of the 
amorphous layers, resulting in a barrier height tha t refiected a change in  bandgap 
w ith  good correspondence to the composition of the amorphous silicon-rich nitride 
alloy.
These results show tha t amorphous silicon n itride/oxide alloys can be ef­
ficiently synthesized using the P II I  technique at low temperatures, but w ithout 
hydrogen passivation, they are o f poor electrical quality.
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C hap ter 8
NITRO G EN AND OXYGEN PIII OF H Y D R O G EN A TE D
AM O RPH O US SILICON
8.1 Nitrogen PIII of a-Si:H
8.1.1 Introduction
Silicon n itride is extensively used in  the microelectronics industry for a 
wide variety of applications including use as a charge storage medium in polysilicon- 
nitride-oxide semiconductor memories [119], the gate dielectric in  field effect and 
th in  film  transistors, and in th in  film  diodes (TFD) for active m a trix  liqu id  crys­
ta l displays (AM LC D ) [120] [121], where adding nitrogen to hydrogenated a-Si 
increases the band gap and leads to both a reduction in diode leakage current and 
an increase in reverse blocking voltage compared w ith  devices made using a-Si 
alone [113]. Silicon n itride th in  films are conventionally deposited at high tem­
peratures (700°C 900°C') by CVD and at low temperatures (250°C ^  400°C)
using plasma enhanced methods [122] [123]. However, low temperature (25°C 
350° C) deposition schemes have become particularly im portant due to the in ­
creasing complexity of semiconductor processing, especially w ith  the formation 
o f T F D  devices at low temperatures compatible w ith  plastics, (for AM LC D ), 
which have the best performance in terms of transparency, absorption of wa­
ter and birefringence, (compared w ith  glass) [124]. There is, however, no suitable 
technique yet to grow device quality a-SiNg.:H films at substrate temperatures be­
low 200°0. In this work, the P II I  technique w ill be used to synthesize a-SiNg.:H 
at low temperatures because the ion energy dissipated in  the substrate during 
fabrication at low temperatures can substitute to some extent for the thermal 
energy used when processing at higher temperatures. The resulting properties
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of a-SiNa,:H films w ill be compared w ith  that grown via PECVD at higher tem­
perature at Philips Research Laboratories, RedhilL Some knowledge/review of 
the electronic structure of a-SiNg.:H and the conduction mechanism in  a-SiN^:H 
have been described in chapter 5, and w ill not be repeated here. There are many 
reveiw papers on a-SiN^^iH, such as ref. [116] and ref. [117].
The results in Chapter 6 show tha t a-SiN^, material can be efficiently 
synthesized using the P II I  technique at low temperatures. However, practical a- 
SiNg. materials used for devices contain hydrogen to passivate the defects and their 
electrical qualities depend on the concentration of both nitrogen and hydrogen. I t  
is d ifficu lt to reproduce the samples containing given concentrations of nitrogen 
and hydrogen in  a-SiNg.:H using P III. Hence, a new kind of substrate was used 
in  this chapter, which comprised an a-Si:H layer, (contained ~  10% hydrogen), 
deposited by PECVD onto a chromium film  on glass, (these substrates were 
prepared at Philips Research Laboraties, Redhill). The P II I  technique was used 
to add nitrogen atoms to a-Si:H films to form a-SiNg.:H. Two series of samples 
were prepared using th in  (250A) a-Si:H films, (a) nitrogen implanted for times 
between 1 and 10 minutes w ith  pulse voltages of -3kV; and (b) varied pulse 
voltages of -2kV to -8kV  for 2 minutes. Also, some thick a-Si:H films (3500Â) were 
implanted by nitrogen P II I  w ith  bias voltages of — 8 ~  — lOkV for 2 ^ 4  mins. 
During implantation, the substrate temperature was measured (by a thermal 
sensor) to be below 150° C, and aluminum fo il was used to cover the edge of the 
glass substrate to prevent charge accumulation and discharges. A ll the films were 
fabricated into M-S-M diodes w ith  nickel deposited for the top contact metal, 
as shown in Fig.G.lb, and characterized by current-voltage (I-V ) measurements. 
Finally, all the diodes were annealed in nitrogen at 250°C for 30mins.
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8.1.2 Results and discussion
8.1.2.1 Nitrogen P ill of thin a-Si:H MSM diodes
(a) Samples prepared via PIII for different tim es
I t  has been shown [101] [126] tha t the electrical properties of good quality 
amorphous silicon rich n itride th in  film  diodes made using PECVD are deter­
mined by current transport through the metal-semiconductor barriers at the inter­
face, (as shown in  Fig.5.6a). Furthermore, the height of the barrier is determined 
by the alloy composition. Carriers tunnel through the barrier by thermionic field 
emission w ith  an effective tunnelling constant of a  psj 40A and the current-voltage 
(or electric field) characteristic is close to an exponential, which can be approxi­
mated by equation(5.15).
Under positive bias (-4-V) (in Fig.5.6a), the current is determined by the 
properties of the reverse biased Cr/amorphous-semiconductor barrier at the bot­
tom  interface and in negative bias (-V), i t  is determined by the Ni/amorphous- 
semiconductor barrier at the top interface. Therefore provided the synthesized 
a-SiN^-iH does not contain a large number of defects, i t  should be possible to 
estimate the alloy composition from the magnitude of the I-V  characteristics. 
W ith  the reference sample (a-Si:H) in Fig.8.1, from the values of J q obtained by 
extrapolating LogJ  vs V  (or F )  curves back to V  =  0 (or F  =  0), the barrier 
heights for a Cr/a-S i:H barrier and a N i/a-S i:H  barrier were found to be 0.84eV 
and 0.91eV, respectively, (see section 6.2.3 for the calculation method), which are 
consistent w ith  other published results [125]. We note tha t the I-V  characteristics 
are close to exponential w ith  applied voltage for the reference sample (a-Si:H), 
as expected. Prom the slope of the curve, using equation (5.15) w ith  a  py 40A, 
the thickness of a-Si:H is found to be about 250A in agreement w ith  the nominal 
thickness.
A fter P III, the I-V  curves change shape and magnitude, particu larly at 
low dose, but at the high dose after 5 or 10 mins exposure, the I-V  curves are
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Fig. 8.1. Current-Voltage characteristics of MSM diodes fabricated on a-SiNg.:H 
using -3kV P II I  for varions im plantation times, (a)as-implanted; (b) annealed at 
250°C for SOmins.
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again close to exponential w ith  a sim ilar slope to the unbombarded reference. 
Furthermore, a 250°C anneal leads to a decrease of all the diode currents, as 
shown in Fig.8.1.
I t  is known tha t ion bombardment damage increases the bond anglç vari­
ations and therefore the strength of band tails [128] [114] (F ig.5.6a). There is 
also a reduction in the effective optical band gap [128] [114]. These effects enable 
carriers to be transported more easily between the contacts via defect states, 
particu larly via the Frenkel-Poole effect. The damage is most likely to effect 
the I-V  characteristics for short im plantation times as the nitrogen has not b u ilt 
up to a level, where the band gap is increased, however there is an increase in 
defect concentration and hence a reduction in band gap. This feature is indeed 
observed from the as-implanted samples in  Fig.8.1a, showing the (or 
relationship w ith  log j^  expected from the Frenkel-Poole effect. In  particular for 
the sample produced following 1 minute exposure to the plasma, the interface 
having the higher barrier, (N i/a-S i:H  contact, -V  bias in  Fig.8.1b), s till shows 
the Frenkel-Poole conduction after a thermal anneal. However, the + V  arm is 
less affected because the barrier (Cr/a-Si:H) is much lower and is therefore s till 
dominated by barrier transport. Further evidence can be found from the mea­
surement of the activation energy of th is sample as shown in  F ig.8 .2 . 
decreased linearly w ith  the increasing electric field for the + V  bias, suggesting 
a barrier controlled thermionic field emission characteristic, whereas for the -V  
bias, Eg decreased w ith  the increasing field F  according to the a — law,
showing the typical Frenkel-Poole conduction, as described in  eqn(5.1).
Thermal annealing of these diodes at 250°C for SOminutes reduced all the 
diode currents due, presumably, to the recovery of broken bonds and the removal 
of defects [116]. The I-V  characteristics in F ig.8 .1b demonstrate tha t the samples 
produced by nitrogen P II I  after exposure times of between 5 and 10 mins have the 
typical I-V  characteristics of th in  film  metal/a-SiNg.:H/metal diodes described in 
equation(5.15). When the applied voltage is larger than about 3fcT/ç, LogJ  vs 
F  has a linear relationship. The barrier height of Ni/a-SiN^^iH contacts, the
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Fig. 8.2. Activation energy of the a-SiNg.:H MSM diode treated by P I I I  for 
Im in  (annealed) plotted as a function of the electric field F . The solid line shows 
the linear dependence of the activation energy on the electric field, suggesting 
a barrier controlled thermionic field emission characteristic, and the dash curve 
shows the Frenkel-Poole conduction; =  a~j3F^^ ‘^  where a and j3 are constants.
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bandgap of the a-SiNg.:H films and the tunnelling constant CK, (assuming the 
thickness of films=250A), can be estimated, using the method in section (6.2.3) 
and eqn.(5.15), from the values of J q and the slopes d ln J /d F .  The results in  table
7.1 show tha t the bandgap of a-Si:H film  increases w ith  nitrogen P II I  time and\
tha t the tunnelling constant is about 40A for a ll the a-Si:H and a-8 iN ^:H  diodes 
studied here, which is consistent w ith  silicon rich a-8 iNg.:H th in  film  diodes made 
using PECVD [113] [126] [127].
Table 8.1. J q , d logJ/dV  values for Gr/a-SiNg.:H barriers, which were obtained 
from the data in Fig.8 .1b, and the resulting values of (f)^  for C r/a -8 iNg.:H contacts, 
Eqp^ of a-SiN^:H films, (using the results in Fig.6.3), and a  (in eqn.(5.15)).
Im p la n ta t io n  t im e 0 Im in 3mins Smins lOmins
Jq (A /c m ^ ) 9 X 10~® 2 X 10“ '^ 3 X 10“ ^ 8 X 10~^® 4 X 10“ ^^
h  (v ) 0.84 0.83 0.87 0.97 1.0
Eopt (eV ) 1.8 1.8 2.0 2.18 2.23
d logJ/dV 2.69 1.83 2.71 2.75 3.03
a  (A ) 40 27 40 41 45
However, for all layers, assuming a  =  40A, the slope of the curves follow­
ing Smins and lOmins immersion give a thickness for the a-8 iNg.:H films of 240A  
and 220A, respectively. I t  is reasonable to conclude therefore tha t the P II I  pro­
cess used in this case has produced a small amount of sputtering. The nitrogen 
concentration in the samples produced by P III  following 5 to 10 mins exposure 
can be estimated from the value of J q (i.e. band gap) and its relationship to the 
nitrogen concentration [116] to be x ^  0.6. The nitrogen concentration in the 
a-8 iNg.:H films probably saturates after 5 minutes P III  treatment.
Fig.8.3 shows the results obtained from sim ilar a-8 iNg.:H MSM diodes 
made using a recently developed low temperature a-8 iNg.:H growth technique.
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Fig. 8.4. Current-Voltage characteristics of MSM diodes fabricated on a-SiNg.:H
using -2kV -8kV PIII for 2mins and annealed at 250°C for SOmins.
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RF sputtering, and conventional higher temperature PECVD (prepared in Philips 
Research Laboratories, Redhill) [124]. When the I-V  characteristics in  Fig.8.1 are 
compared w ith  those in Fig.8.3, i t  can be shown tha t all the a-8 iNg.:H MSM diodes 
made using the three different techniques have the same I-V  characteristics and 
sim ilar electrical qualities, which were also reflected in the above calculation of 
and ol values using the theoretical equations obtained from high quality 
a-SiNg.:H MSM diodes made using PECVD. However, due to the ion bombard­
ment, the a-SiNg.:H synthesized via P II I  may be more disordered and has longer 
energy band-tails in the energy band diagram. Since present MSM diode oper­
ated under very high electric field, the number of trapping states in  the band-tail 
does not significantly affect the shape of the I-V  curves, which are determined 
by the effective band gap of the material as described by eqn.(5.15). Therefore, 
our interpretation of the results in Fig.8.1 is tha t the I-V  characteristics of de­
vices made using P II I  are dominated by damage and disorder effects at low dose 
and alloying effects at high doses which increases the effective band gap of the 
amorphous material despite the presence of disorder. Thermal annealing removed 
some defects, shortened the band-tail ’’ length” and increased the effective band 
gap of the material.
(b) Samples prepared via PIII w ith different bias voltages
Similar results were obtained for a-SiNg.:H samples produced by nitrogen 
P II I  of a-Si:H w ith  different pulse voltages for a fixed tim e of 2mins. A fte r ther­
mal annealing at 250° C for 30mins, the diode I-V  characteristics are shown in 
Fig.8.4. A  higher ion energy or pulse voltage results in a higher retained nitrogen 
dose in the target. A ll the samples have nearly symmetric diode characteristics, 
suggesting tha t the energy levels at the interfaces have been pinned by interface 
(defect) states, and the diode currents decrease w ith  increasing ion energy. I t  is 
helpful to calculate the nitrogen ion range in a-Si using the T R IM  code. The
148
nitrogen ions should be distributed throughout the 250A a-Si film  when the neg­
ative voltage pulse is -4<^-6kV. The I-V  characteristics in Fig.8.4 also show tha t 
the slope of the I-V  curve of the sample treated by -6kV  P II I  is sim ilar to tha t 
of the unimplanted sample, suggesting a better (uniform) nitrogen d istribution 
in  the film .
The defects produced by ion bombardment cannot be to ta lly  annealed out. 
This is shown by ( l) th e  250°C annealing did not revert the I-V  characteristics of 
the sample, produced by -3kV P II I  for 1 m in, to that of the reference, as shown in  
Fig.8 .1b, because a small amount of nitrogen added to the a-Si:H w ill not change 
its bandgap as the material is s till dominated by the Si-Si network [116]; (2)for 
samples treated by P III, the slope of their I-V  curves deviated from tha t o f the 
reference when a high electric field was applied to the diodes as shown in Fig.8.4, 
which could be due to the deep level traps.
8.1,2.2 Nitrogen PIII of thick a-Si:H MSM diodes
Fig.8.5 and F ig.8.6 show the I-V  characteristics of MSM diodes made on 
thick a-Si:H films treated by P III. The implanted nitrogen depth profile has been 
shown in  Fig.7.13, where a 300 400A  th ick a-SiNg.:H layer was synthesized on
the a-Si:H substrate. The I-V  characteristics of the reference sample (a-Si:H) can 
be well described by equation (5.15), giving the tunnelling constant a  % 45A, 
Cr/a-S i:H  barrier height ^  0.88eV and N i/a-S i:H  barrier height «  0.92eV, which 
are close to the values measured from th in  a-Si:H diodes.
As discussed before, the 4-V  arm I-V  characteristics in Fig.8.5 and Fig.8.6 
are determined by the properties of the reverse biased Cr/a-S i:H  barrier at the 
bottom  interface and those of the -V  arm are determined by Ni/amorphous- 
semiconductor barrier at the top interface. Hence, the -lO kV nitrogen P II I  of 
a-Si:H w ill not significantly affect the diode current under -PV bias because the 
implanted ions and damage cannot reach the bottom  a-S i:H /C r interface. Com­
parison of the + V  characteristics in  Fig.8.5 and Fig.8.6 shows tha t this is the
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Fig. 8.5. Current-Voltage characteristics o f MSM diodes fabricated on a-SiN^-rH 
(350nm) using -8kV  P II I  for 2 and 4 mins: as-implanted.
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Fig. 8.6. Current-Voltage characteristics of MSM diodes fabricated on a-SiN^:H
(350nm) using -8kV PIII for 2 and 4 mins followed by 250°C annealing for 30mins.
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Fig. 8.7. Schematic energy diagram of an MSM diode under lower and higher 
electric fields.
case. (There is a slight change in the diode current under + V  bias. This resulted 
from the th in  implanted layer at the front interface.)
The diode current under -V  bias, however, was changed by the nitrogen 
implantation. Low dose nitrogen im plantation (2mins) introduced defects and 
lead to a reduction in the effective optical band gap or barrier height, which re­
sulted in an increase in the diode current (Fig.8.5). Higher doses (4mins) resulted 
in an increase in the effective band gap, but the effective barrier height was close 
to tha t of the reference sample as indicated from the I-V  characteristics (-V  arm) 
in Fig.8.5.
A fter thermal annealing, some defects are removed and the I-V  charac­
teristics of the sample implanted w ith  a low dose reverted to the reference as 
expected (Fig.8 .6). However, for the high dose (4mins) implanted sample, the 
effective band gap or barrier height was increased and its  I-V  characteristic was 
found to be composed of two lines as shown in  Fig.8 .6 . A t lower electric fields 
(<  2 X 10^V /cm ), the diode current was dominated by the higher Ni/a-SiN^j-.H 
barrier, but at higher electric fields (>  3 x lO '^V/cm), i t  was effectively controlled
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by the barrier between N i and a-Si:H substrate. An explanation for this I-V  char­
acteristic was tha t the voltage (V) applied on the diode was dropped both on the 
th in  a-SiNg;:H layer (V^) and the thick a-Si:H substrate. was estimated to 
be V /3  i f  equation (5.15) was used to f it  the I-V  curve at low electric fields. 
When a higher voltage (V^) was applied to the diode, the ratio of V ^ /V ' became 
much smaller and its I-V  curve was very close to tha t controlled by the Ni/a-S i:H  
barrier, as shown in Fig.8.7.
8.1.3 Conclusions
I t  is concluded tha t a-8 iNg.:H alloys can be formed by nitrogen plasma 
immersion ion im plantation into a-Si:H films at low temperature (<  150°(7), but 
the film  quality can be improved further by annealing. The I-V  characteristics of 
MSM diodes composed of these films can be well described by a thermionic field 
emission theory w ith  f ittin g  parameters, such as a; =  40A, consistent w ith  silicon 
rich a-SiN^:H MSM diodes made using PECVD, suggesting tha t the a-SiN^jiH 
films synthesized via P II I  have the same I-V  characteristics (and close electrical 
qualities) as those made via PECVD (and/or RF sputtering).
I-V  measurements on the a-SiNg.:H MSM diode also showed tha t the diode 
I-V  characteristics were dominated by defects at low doses but as the im plantation 
tim e increased, alloying effects and the formation of silicon n itride began to take 
over. A fter long immersion times, the composition of the a-SiNg.:H saturated at 
about X 0.6. The effective optical band gap of these a-SiNg.:H films was about 
l.SeV  2.23eV, depending on the magnitude of x.
8.2 Oxygen Pill of a-Si:H
8.2.1 Introduction
The properties of a-Si:H can be modified by nitrogen alloying as shown in 
the last section and in the literature. I t  is of general interest to investigate the 
alloying effect of oxygen, where stronger effects can be expected.
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Some measurements of a-SiOg.:H alloys have reported the differences in 
band gap, spin density, infrared vibrations and photoluminescence (PL) [129] [130] 
compared w ith  a-Si:H. Most of these experiments focused on the PL properties of 
a-8 iOg.:H, which show a strong visible (red) luminescence at room temper,ature. 
a-SiOjjtH alloys are used to be prepared by plasma deposition or sputtering and 
X varied from 0 to 1.44. Here we try  to alloy the a~Si;H using oxygen P II I  and 
focus on the electrical properties w ith  conduction mechanisms of a-SiO.^:H films.
The substrate consisted of a 250A thick a-Si:H layer, (containing 10% 
hydrogen), deposited by PECVD onto a chromium film  on glass. Oxygen P II I  
w ith  -3kV bias was used to form a-SiO^-iH alloys. During P III, the oxygen gas 
pressure was 2 x  10“ '^  mbar and the im plantation tim e varied from 5 seconds 
to lOmins. A ll the films were fabricated into MSM diodes w ith  nickel deposited 
for the top contact metal, as shown in  Fig.G.lb. Characterization of the diodes 
by current-voltage (I-V ) measurements was performed at room temperature or 
elevated temperatures. Finally, all the diodes were annealed in nitrogen at 250° C 
for 30mins and remeasured.
8.2.2 Results and discussion
8.2.2.1 I-V characteristics
The I-V  characteristic of the a-Si:H MSM diode (reference sample) in  
Fig.8.8 shows good agreement w ith  the thermionic emission equation (5.15). How­
ever, when a very high electric field (>  1 M V /cm ) was applied to the diode, the 
diode current deviated from the exponential due to deep level trapping in  the 
a-Si:H.
A fter the oxygen P II I  for various times, the electrical property of the 
a-Si:H was significantly modified as shown in F ig.8.8 and Fig.8.9. Sim ilar to  a- 
SiNg.:H, the ion bombardment increases the strength of band tails, which results 
in a reduction in the effective optical band gap. The sample treated by oxygen 
im plantation for 5 seconds has higher current than the reference sample (a-Si:H),
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(as shown in Fig.8 .8), but its I-V  curves are symmetric, suggesting tha t the 
radiation defects in the bulk of the a-Si:H now determine the conductivity and the 
diode current is no longer determined by the barriers. The electronic structures 
of the semiconductor is therefore dominated by the defects in  the a~Si network. 
A fte r thermal annealing, some defects were removed and the current o f this diode 
almost reverted to tha t of the reference in  the region of |F | <  5 x  10^V /cm , where 
the diode current was determined by the metal/ semiconductor barriers. However, 
some deep level traps s till remained in  the material, resulting in  a very strong 
trapping effect under high electric held, as shown in  Fig.8.9.
When the irradiation tim e extended beyond 20 seconds, the I-V  charac­
teristics of the a-8 iOg.:H diodes changed to a generally sim ilar shape but the 
magnitude of the current at a given voltage gradually decreased, suggesting that 
an alloying effect had occurred and tha t the electronic conduction w ith  the ma­
teria l was now determined by the S i-0  network. A  higher oxygen concentration 
in  a-SiOg;:H (longer im plantation time) leads to a higher barrier height or larger 
band gap, which resulted in  a lower diode current, and after oxygen im plantation 
for 5 minutes or longer, the a-8 iO ^:H  film  became very highly resistive. This 
alloying effect was much stronger than tha t found for nitrogen alloys produced 
in the same way. Meanwhile, irrad iation created defects in a-SiOg.:H, resulted 
in Frenkel-Poole conduction, which was observed from the as-implanted samples 
{t <  2minutes) (Fig.8 .8), w ith  the I-V  characteristics linear for In J  vs 
(which w ill be discussed in the next section).
Thermal annealing at 250° C removed some radiation defects and the diode 
I-V  characteristic under -V  bias (Fig.8.9) was very close to the exponential, sug­
gesting tha t the current was controlled by the contact barrier. However, under 
- fV  bias, the diode I-V  characteristics seem to s t ill be Frenkel-Poole emission. 
This asymmetry indicates tha t the d istribution of oxygen and defects in  the films 
was not uniform, resulting in a different behaviour of electron injection down the 
front contact compared w ith  the back contact. According to the computer simu­
la tion results, most of the implanted oxygen ions were expected to be distributed
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in  a 150A region below the front contact, w ith  the defects d istributed throughout 
the 250A film . Therefore, a stronger alloying effect was expected to occur at the 
front contact interface, (which resulted in  a barrier controlled conduction after 
annealing), and a defect effect at the back contact interface, (which resulted in  
the Frenkel-Poole conduction).
Assuming these a-SiOg.:H MSM diodes have the conduction mechanism 
of therm ionic field emission under -V  bias (in Fig.8.9), the same as a-SiNg,:H 
diodes, the equation (5.15) can be used to describe the I-V  curves. I t  gives a 
tunnelling constant of a  % 15A, assuming an effective electron mass m * =  O.lrriQ 
in  a-SiOg.:H; the same as tha t in a-SiN^,:!! [112]. However, the effective electron 
mass in a-SiOg.:H m ight be higher because i t  is about 0.4 ~  O.Sttiq in  SiOg. I f  
m * =  0.4 ~  0.5mo is used in equations (5.13-15), i t  is very interesting to  note tha t 
a tunnelling constant o f a  «  40A is obtained for a-SiOg.:H diodes [126]. However, 
there may be Fowler-Nordheim tunnelling under such high electric fields, which 
w ill be discussed in section (8 .2 .2 .S).
The contact barrier heights of these a-SiOg.:H diodes were estimated to be 
0.8 l. le V , corresponding to the band gaps of 1.8 2,3eV, (which was estimated
from the results of a-SiNg.:H films). The oxygen concentration in  these a-8 iOg.:H 
films was estimated to be between a: =  0.1 and 1, (for t  =  20s to 5mins), which 
was also based on the experimental results obtained from the a-8 iNg.:H films 
synthesized under the same P II I  conditions.
However, 250°C annealing for 30mins was not enough to remove all the 
radiation defects, and the I-V  characteristics under + V  bias in Fig.8.9 also sug­
gested a Frenkel-Poole conduction, which is common for dielectric amorphous 
materials. In order to explore this conduction mechanism in  detail, the diode 
I-V  characteristics were measured at elevated temperatures (20°C, 40°C, 60°C, 
80°C).
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8.2.2.2 Frenkel-Poole conduction
In  general, the Frenkel-Poole conduction has linear dependence of In J  on 
as described in eqn.(5.1) and the electron (in an im purity  centre or defect 
state) can be emitted over the reduced barrier or tunnel through the barrier, as 
shown in Fig.8.10. However, the range of field over which linearity is observed is 
lim ited to about one order.
When the I-V  curves in  Fig.8.9 (-FV arm) were replotted as In J  vs 
in Fig.8.11, i t  shows a linear dependence of logJ  on F ^ /^  in  the range of F  =  4 ^  
20 X 10^V /cm  (or F ^ /^  % 6 14 x 10^ (V /cm )^ /^ ) for a ll the annealed a-SiOg.:H
diodes, and gives a Frenkel-Poole constant /? =  1.4±0.2 x 10“ ^ V ^ /^m ^ /^ , which 
is comparable w ith  published values obtained from silicon oxides [95].
In  order to characterize the conduction mechanism of these a-SiOg.:H 
diodes in detail, we focus on the sample treated by oxygen P II I  for 20seconds 
(annealed) because i t  has the same I-V  characteristics as others, but contains 
much less oxygen and is more conductive.
Fig.8.12 shows the I-V  characteristics o f this a-8 iOg.:H diode measured at 
four different temperatures, and the activation energy calculated from Fig.8.12 
was plotted as a function of the electric field in  Fig.8.13, together w ith  tha t of 
the reference sample. I t  clearly shows tha t the activation energy of the a-8 iOg.:H 
diode decreased w ith  increasing electric field according to the Q{Vg — ^ F ^ /^ )  rela­
tionship, indicating a Frenkel-Poole conduction (eqn.5.1). The activation energy 
of the reference sample decreased almost linearly w ith  increasing electric field, 
indicating the thermionic field emission characteristics (eqn.5.15).
According to H ill ’s Frenkel-Poole conduction theory [115], for the single 
centre Frenkel-Poole conduction, i f  the electron was therm ally emitted along the 
field direction, its I-V  characteristic is given by
J  oc T ^ e x p {-^ )T ^ s in h T  (8.1)
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Fig. 8.10. Frenkel-Poole potentia l diagram. qVg is the ionization energy; qVp the 
peak barrier energy; qV^ the energy at which tunnelling takes place; F  electric 
field. Electron emission can take place over the top of the reduced barrier as in 
(a), or by tunnelling as in (b).
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and i f  the electron was spherically emitted, its I-V  characteristic is given by
J  ( x T ^ e x p { - ’^ ) { r œ a h r - s m h V )  (8.2)
qTP^ I^where qVg is the activation energy at zero bias, F =  P  ^ and P the Frenkel-
Poole constant. Hence, the field and temperature, can be normalized
into a function of /-^(F)
/ „ ( r )  =  7 T - " e x p ( + ^ )  (8.3)
where n =  3, [eqn.(8.1)] or n= 4  [eqn.(8.2)].
For the m ultip le centre Frenkel-Poole conduction, its  field and tempera­
ture, can also be normalized as a f^ {T )  function [115], where n =  2 . (The
equation is complex and not reproduced here.)
Fig.8.14 shows the plot of / „ ( F )  =  J T “ "^ e o ;p (+ ^ ), (n =  4), against
^ f / 2 j ' “ l  together w ith  two curves /^ (F )  =  F^sm hF and /^ (F )  =  TcoshT — 
sinhV, where qVg =  0.5eV was used as predicted from the Fig.8.13.
Fig.8.15 shows the p lo t o f /^ (F )  =  J T ~ ^ e a ;p (+ ^ ) ,  (n =  2), against
F T ~ ^ .  I t  can be seen tha t the experimental data is perfectly normalized in  
Fig.8.14, (but not very well in  Fig.8.15), and can be almost fitted  by the two 
calculated curves. Therefore, i t  is convincing from these two plots to conclude 
tha t the conducting mechanism of the a-SiOg.:H diode was single centre Frenkel- 
Poole conduction and tha t under higher electric field, the electron was emitted 
along the field direction, whereas the emission was more spherically uniform  under 
lower electric fields.
In the same way, Fig.8.16 and Fig.8.17 show the plots of J T ~ ^ e x p { - \-^ )
against for the samples treated by oxygen P II I  for 5 and 40 seconds,
confirming tha t the Frenkel-Poole emission dominated the conduction of the diode 
treated by P I I I  for 40seconds, but not tha t for 5 seconds.
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Fig. 8.18. P lot of logJ  vs lOT for the a-8 iOg.:H diode w ith  different applied 
voltages.
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Fig. 8.19. Gradients of the linear plots in  Fig.8.18 plotted against the electric 
field. The solid curve is theoretical and corresponds to eqn(8.4).
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Under very high electric field, the electron could be em itted by tunnelling 
as shown schematically in  F ig.8 .10 w ith  the tunnelling probability  increasing w ith  
increasing electric field. I t  is reasonable to expect tha t when the field is higher 
than a critica l field, the tunnelling current w ill start to dominate the flowing 
current. According to H ill ’s calculation, the current flow (tunnelling) at Vq is 
given by
(V„ -  
{ k T ) Ï Ï ^ F V ^ -
For a given field F , the p lot of In J  vs is linear and its slope reflects the
energy gap of q{V^ -  V q ) .
Fig.8.18 shows the linear plots of In J  vs w ith  different applied
voltages. The gradients of the plots were shown in Fig.8.19 plotted as a function 
of the electric field together w ith  a calculated curve corresponding to eqn(8.4). I t  
is interesting to see a reasonable agreement between the theoretical expression and 
the experimental data, suggesting tha t a tunnelling process began to  dominate 
the current when the electric field was higher than the critica l field of 5 x  10*^  
V /cm .
I t  can be concluded from the above measurements and analysis tha t (a)the 
conducting mechanism of the a-SiO^jiH diode was single-centre Frenkel-Poole 
conduction w ith  an activation energy of qVg — O.SeV; (b)the electron was emitted 
along the field direction under high electric fields and more spherically uniform  
under the lower electric field; (c)the electrons were most likely to tunnel through 
a reduced barrier when the field is higher than a critica l field of ~  5 x  10^ V /cm .
8.2.2.3 Fowler-Nordheim tunnelling
Fowler-Nordheim tunnelling is commonly used to explain the I-V  char­
acteristics of MOS diodes, where electrons tunnel from the Fermi level of the 
electrode through the insulating SiOg in to the Si conduction band, giving the I-V
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Fig. 8.20. P lo t of lo g {J /F  ) vs l / F  for the + V  arm in Fig.8.9.
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Fig. 8 .21 . P lot of lo g {J /F  ) vs l / F  for the sample treated by oxygen P H I for 
5mins (annealed).
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characteristics as [131]
where a, b are constant and
b =  4 / 3 Y ^ 5 A .  =
(8.5)
(8.6)qh
where is the barrier height in  eV and electric field F  in  M V /cm . The electron 
effective mass m * =  0.5mQ was used in  the eqn(8 ,6).
I t  is possible to have Powler-Nordheim tunnelling in the present a-SiOg.:H 
diodes under very high electric field, in  particular for the samples implanted w ith  
high oxygen dose. Fig.8.20 shows the F-N plots of lo g {J /F ‘^ ) vs 1 /F  for the + V  
arm in Fig.8.9, suggesting tha t Fowler-Nordheim tunnelling possibly occurred for 
a ll the diodes when the field was higher than ^  1.5MV/cm. Fig.8.21 shows a F-N 
plot in  detail for the sample treated by oxygen PH I for Smins. The barrier height 
(f)lj can be calculated from the slope of the line in  Fig.8.21. I t  is 0.44eF for 
m * =  O.Smg, which seems to be too low, and 0.98 ±  0.15ey for m * =  O.lmQ, 
which is close to the value estimated from the I-V  curve.
Defect states
Fowler-Nordheim tunnelling
Ep/ / / / / / / /
lïlGtcU
W7777
metal
a-SiOx:H
Fig. 8.22. Energy diagram of Fowler-Nordheim tunnelling and hot electron 
injection through the defect states.
The F-N plots in F ig.8.20 and Fig.8.21 show tha t i t  is not an ideal Fowler- 
Nordheim tunnelling conduction. One reason m ight be tha t the electric field was
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not high enough and the to ta l diode current was s till not dominated by the Fowler- 
Nordheim tunnelling. Another reason m ight be tha t there are localized defect 
states near the Fermi level of the a-8 iOg.:H, so that electrons can be injected in to 
these defect states and then tunnel into another electrode, as shown in Fig.8.22. 
The activation energy measurements also showed that there was an activation 
energy of 0.1 0 .2eV for the samples w ith  high dose im plantation.
8.2.3 Conclusions
I t  can be concluded tha t oxygen has a very strong alloying effect on a- 
Si:H. The band gap of a-Si:H or the barrier height of m etal/a-S i:H  contacts was 
modified by adding oxygen to a-Si:H, and increased w ith  increasing oxygen con­
centration. The conducting mechanism of a-SiOg.:H M-S-M diodes was expected 
to  be controlled by the barrier height of metal/a-SiOg.:H contacts, sim ilar to the 
a-SiNg.:H M-S-M diodes, i f  the defect concentration in  a-SiOg.:H was low enough. 
However, in the present work, ion bombardment introduced lots of defects in  the 
material, which resulted in a reduction of the effective band gap, and enabled 
the carriers to be transported more easily between the contacts v ia  defect states, 
such as Frenkel-Poole conduction. Thermal annealing was found t(» effectively 
improve the electrical quality o f the amorphous material, but did not remove all 
the defects, despite the presence of a large amount o f hydrogen.
A  detailed analysis of the Frenkel-Poole conduction shows tha t (a) i t  is 
single-centre Frenkel-Poole conduction w ith  an activation energy o f qVg =  0.5eV;
(b) the electron was emitted along the field direction under a higher electric field 
and more spherically uniform under a lower electric field; (c) the electron could 
most easily tunnel through the reduced barrier when the field was higher than a 
critica l field of ~  5 x  10^ V / cm.
Fowler-Nordheim tunnelling possibly took place when a very high field 
(>  1.5M V/cm) was applied, in  particular for the samples implanted w ith  a high 
oxygen dose, but i t  was not the main component of the to ta l diode current.
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Chapter 9
CONCLUSIONS AND F U T U R E  W ORK
This chapter presents a summary of this thesis and suggestions for future
work.
9.1 Conclusions
Several conclusions have been obtained as summarized below.
( 1 ) The first remarkable result obtained in this thesis is: synthesis of 
a-SiNg.:H films via P I I I  at low temperature (<  150°C). The electrical character­
istics or qualities of these a-SiN^^rH films are comparable w ith  (or very close to) 
those grown via PECVD at 250° C.
The electrical characterization of the samples treated by nitrogen P II I  
shows tha t the defects introduced following plasma im plantation for short times, 
trap carriers and provide leakage paths through the bulk in the case o f MSM 
devices in  hydrogenated amorphous silicon, where the surface barriers were high. 
B u t for the lower barriers formed on single crystal silicon, these charged defects 
modified the Schottky barrier height. Further im plantation (higher dose) led 
to the increase of the band gap of the material, i.e. the alloying effect took 
over. The quality o f the amorphous silicon n itride films on single crystal silicon 
could be improved by hydrogenation, but they remained inferior to  those found by 
synthesis from hydrogenated amorphous silicon films. In  th is la tte r case, a-SiN^^iH 
MSM diodes having barrier controlled I-V  characteristics could be obtained w ith  
no significant bulk leakage and characteristics were comparable w ith  those found 
using high quality silicon-rich silicon n itride grown by PECVD. The effective
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optical band gap of these a-SiN^jiH films was about l.SeV 2.23ey, depending 
on the magnitude of x.
I t  has also been shown tha t the nitrogen content of amorphous silicon ni­
tride (a-SiN,,.) films formed using P II I  saturates w ith  an average x  Rj 0.6.\ This 
was determined both by RBS and from the height of the metal-semiconductor 
barriers at the interface of MSM diodes.
(2 ) The second im portant result obtained in  this thesis is: synthesis of 
a-SiOg;:H via P II I  and its electrical characterization.
a-SiOg.:H is a relatively new material and its electrical properties were 
seldom studied in the literature. I t  has been synthesized via P II I  in  this work and 
its electrical properties were characterized in  detail as shown in section (8.2). I t  
shows tha t oxygen im plantation has sim ilar electrical effects on silicon to nitrogen, 
but w ith  much stronger alloying effects, and tha t a-SiOg.:H synthesized via P I I I  
seems to have different electrical properties from a-SiN^.:!!, such as a possible 
different tunneling constant or effective electron mass.
The conduction mechanism of a-SiOg.:H MSM diodes was expected to be 
controlled by the barrier height of m eta l/a-8 iOg.:H contacts, sim ilar to the a- 
8 iNg.:H MSM diodes, i f  the defect concentration in the material was low enough. 
However, due to the ion bombardment, plenty of defects were introduced in the 
material, which enabled the carriers to be transported more easily between the 
contacts via mechanisms, such as Frenkel-Poole conduction. Thermal annealing 
was found to effectively improve the electrical quality of the material, but did not 
remove all the defects, despite the presence of a large amount of hydrogen.
(3) The th ird  result obtained in  this thesis is: synthesis of insulating silicon 
oxide and/or n itride layers on crystalline silicon substrates.
A  brief characterization of these silicon oxide/n itride films showed tha t a 
film  of 225 ±  25A thick oxide/nitride, w ith  relative pe rm ittiv ity  of % 5 and 
Enit ~  7, respectively, can be synthesized by oxygen or nitrogen PH I (using -lO kV
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bias) in to silicon followed by a 1000°(7 anneal for SOmins. However, the electrical 
qualities o f these oxide/nitride films were not as good as expected, but had large 
leakage currents and rough interfaces. Furthermore, all the as-implanted samples 
were very conductive, meaning tha t the P H I technique can not be used to form 
insulating silicon oxide/nitride layers at low temperatures, so this work was not 
pursued.
(4) Calibration and/or development of the P II I  system.
The systematic assessment of a P II I  system, in conjunction w ith  a com­
puter simulation of P I I I  in  the present thesis, helps us to understand more clearly 
the physics of P I I I  and the advantages/ disadvantages of th is technique.
(a) Doping profile in the target
Because of the multi-energetic nature of P III, the doping profile in  the 
target is a m ajor concern. In  this thesis, i t  has been shown tha t for low pressure 
P II I  (P  <  a few mbar, bias V q ) ,  the ion energy at the target surface during 
P I I I  has a very narrow d istribu tion near qVq, which makes i t  very close to the 
conventional im plantation w ith  mono-energetic qVq. In  th is case, the neutral 
gas pressure, ion density and bias voltage have no significant effect on the ion 
energy distribution, and the advantages of P H I are obvious i f  contamination 
can be eliminated. However, the doping profile w ill s till be affected by the mass 
contamination during P III,  i.e. depending on the ra tio  of atomic ions to  molecular 
ions in  the plasma.
For high gas pressure P II I  (P  >  mbar)^ there is a significant difference 
between P II I  and conventional im plantation because of the collisional nature for 
P III.  The doping m ight be distributed w ith in  a narrow surface region of the ta r­
get during P III, which is independent of the bias voltage.
(b) Contamination
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Since there is no mass analysis in P III, the ion species in  the plasma have 
to be as pure as possible. The present work shows tha t i t  is possible to reduce or 
eliminate some critica l contamination by P II I  reactor design improvement.
I
(c) Target heating
The wafer heating resulted from the high dose-rate im plantation of P I I I  
may be another lim iting  factor for its application in ULSI processing. However, 
i t  also can be an advantage to heat the substrate, where a high substrate temper­
ature is required, such as in the formation of SIMOX structures. In  the present 
work, the target heating was not significant because of its low bias voltage (low 
ion energy).
(d) Plasma diagnosis and its uniform ity
The plasma properties, such as electron/ion temperatures and densities, 
have been measured using a simple Langmuir probe as described in  chapter 4. 
A  Farady cup was used to measure the ion energy distributions in the plasma 
and first time tried to measure the ion energy profile at the target surface during 
P III, though i t  was not successful.
In principle, the size of a substrate can be as large as the size o f the plasma. 
However, the uniform ity requirements for semiconductor processing, such as the 
order of 1% across 8-inch Si wafers, is d ifficu lt to atta in w ith  an ECR source, but 
distributed ECR sources, magnetic plasma confinement, and substrate holder 
design are potential candidates for better uniform ity.
From all these considerations and measurements, i t  can be suggested tha t 
the P H I technique is most suitable for the applications as a high dose-rate, low 
energy ion im plantation technology, such as the formation of ultra-shallow junc­
tions, where the final junction depth depends more on the post-annealing thermal 
cycle rather than the as-implanted depth profile. I t  is unlikely to replace conven­
tional im plantation for applications where energy and beam purity  are o f utmost
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concern.
(5) An additional result obtained in this thesis is: hydrogenation of amor­
phous materials via hydrogen P III.
This was not the main objective of this thesis. However, some interesting 
experiments, in  section (7.2.2.3), showed tha t hydrogen P II I  was a very efficient 
method to passivate the defect states in  amorphous material or at the interface, 
and much more efficient than thermal annealing.
9.2 Future work
The future work for the P H I technique improvement should s till focus on 
overcoming its disadvantages, such as the improvement o f the plasma uniform ity 
and elim inating contamination. For the P H I system in the university of Surrey, 
i t  is necessary to arrange a set of magnets around the big target chamber in order 
to  generate a large uniform plasma for large area implantation.
Further work on the amorphous silicon n itride/oxide synthesized by P III  
should be aimed at analyzing the defects in  detail, to  improve the electrical 
properties of the materials and finally, try  to make devices to be compared w ith  
other devices made using sim ilar materials synthesized by competitive techniques. 
I f  there is s till interest to  work on the synthesis of insulating oxide/nitride layers 
via P III, optim ization of both the P II I  conditions, (such as higher bias voltage and 
elevated substrate temperature during P III) , and subsequent processing (proper 
annealing conditions) may produce good quality oxide/nitride layers or SIMOX 
structures.
However, interesting and potentia l im portant work for the future m ight be 
to explore new P II I  applications, which could make good use of the advantages of 
P III. Examples include the doping (alloying) o f amorphous silicon amorphous 
carbon, and the synthesis of III-N itrides.
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* *  M O D IFICA TIO N OF THE X P D P l SOFTWARE **
The "XPDPl" software is composed of 8 programs written in 'C-languare. They are: (l)PDPl.H: head of the software; (2)PDP1.C: the main program; (3)INITWIN.C : initialization of the output windows; (4)FFT.C: data Fourier transform; (5)MCC.C or ARGONMCC.C: iion/electron collisions with neutrals; (6)PADJUS.C: adjusting particles to the desired boundary conditions; (7)PFLMV.C: field calculation and particle motion, and (B)PREST.C: random number generator.
My modification of this software for the PIII application is mainly in (l)PDPl.C, (2)PADJUS.C and (3)PFLMV.C. Since the whole software is too long to be printed here, only the major modifications, except the main program, will be extracted from the software and shown below. Some minor changes in programs will not be shown.
The main output data, i.e. the ion energy and direction at the target surface were written in a file "trim.dat" in order to be linked to the TRIM softwear to calculate the ion transportation in the target. Other data, such as the ion/electron energy profiles and currents at the target surface, were written in "Ion"/"Electron" and "loncur"/Elecur", respectively.
============(1)== MODIFICATIONS IN PDPl.C ===============#define GLOBALORIGIN #include "pdpl.h"#undef GLOBALORIGIN
FILE *InputDeck;FILE *flip, *flipp, *flippp;
/** Start of MAIN **/
main(argc, argv) int argc; char *argv[];
{ display_title{) ;
/*** Open trim.dat file for TRIM simulation ***//*** and output ion/electron target current ***CHEN*/
flip = fopen{"trim.dat","w");fprintf(flip,"a\na\na\na\na\na\na\nPlasma Immersion Ion Implantation");fprintf(flip, "\nEvent Atom Energy Depth Lateral-Position Atom Direction ");fprintf (flip, " \nName Numb (eV) X(A) Y (A) Z (A)Cos(X) Cos(Y) Cos(Z)");
flipp = fopen("current.dat","w"); /*target ion current*/ flippp = fopen("curre.dat","w"); /*target electron current*/
* * * * * * * * * * * * * *
start(argc, argv);InitWindows(argc, argv); fields(); history();
while(True)
{ XGEvent(); t += dt;
move(); adjust( ) ; mcc(); fields(); history();
XGUpdate();
} 'i} /* End of MAIN */
^* * * * * * * * * * * * * * * *  !
start(iargc, pargv)int iargc;char *pargv[];
{
}
/**Input initial data (read lines until we get to numbers)**CHEN**/
while (fscanf(InputDeck,"%d %d %g %g %g %g %g %g %g %c“,&nsp, &nc, &nc2p, &dt, &length, &area, &epsilon, &b, &psi, &elem) <10) fscanf(InputDeck, "%s", aachar);
while (fscanf(InputDeck, "%g %g %g %g %g %g %g %d",&rhoback, &backj, &dde, &extr, &extl, &extc, &extq, &Z) <8) fscanf(InputDeck, "%s", aachar);
while (fscanf(InputDeck, "%d %c %g %g %g %g %g %g", &dcramped,&src, &dcbias, &ramp, &acbias, &wO, ScthetaO, &widtht) <8) fscanf(InputDeck, "%s", aachar);
while (fscanf(InputDeck, "%d %d %d %d %d %d %d %g", &secsp,&ecollisional, &icollisional, &.reflux, &nfft, &nsmoothing,&ntimestep, &echannel) <8) fscanf(InputDeck, "%s", aachar);
while (fscanf(InputDeck, "%g %g %d %g %g", &seec[0], &seec[l],&ionsp, &pressure, &gtemp) <5) fscanf(InputDeck, "%s", aachar);
while (fscanf(InputDeck, "%g %g %g %g", &selsmax, &elsengyO,&elsengyl, &elsengy2) <4) fscanf(InputDeck, "%s", aachar);
while (fscanf(InputDeck, "%g %g %g %g", &sextmax, &extengyO,&extengyl, &extengy2) <4) fscanf(InputDeck, "%s", aachar);
while (fscanf(InputDeck, "%g %g %g %g", &sionmax, &ionengyO,& i onengy1, & ionengy2) < 4) fscanf(InputDeck, "%s", aachar);
while (fscanf(InputDeck, "%g %g %g %g", &achrgx, &bchrgx, &ascat,&bscat) <4)fscanf(InputDeck, "%s", aachar);
/** Allocate space for energy profile **CHEN**/ count= (float **)malloc(nsp*sizeof(float *)); for(isp=0; isp<nsp; isp++)count[isp]= (float *)malloc(1024*sizeof(float));
============(2)== MODIFICATIONS IN PFLMV.C#include "pdpl.h"
float so u rceO,bbias,ttl,tt2; float *gam;
fields 0 {
}/* *Add the bounbary conditions (bias voltage waveform)**CHEN**/
float source 0 { if (dcramped)
{ if(t < risetime)
{ if(ramp) return (ramp*t);else return (.5*dcbias*(1- cos(t*wO)));
}else
{ttl = risetime+widtht; if(t >= ttl)
{bbias = dcbias-ramp*(t-ttl); if(bbias >= 0) bbias = 0; tt2 = ttl+6*risetime; if(t >= tt2) exit(1); return (bbias);
}else return (dcbias);
}
}else return (dcbias + ramp*t + acbias*sin(t*wO + thetaO));
}
========(3)== MODIFICATIONS IN PADJUS.C ==========#include "pdpl.h"
extern FILE *flip;extern FILE *flipp,*flippp;
/* Routine to adjust (initialize, re-pack and inject) particles */ /* to the desired boundary conditions */
adjust()
{ static int init_flag=l;int cn, Ei,i, ii, isp, k, nnp, j, secountl, secountr;int nreflux[NSMAX], ninjected, ien, s, si;static float extra[NSMAX][2], iv[NSMAX][2];float ccc,thetax,thetay,thetaz, random, dum;float duml, vel, del, del_t, vmag, theta;extern float vnext();
if (x[isp][i] >= xnc) 
{
/**output the ion/electron energy profile at the target surface, **CHEN**/
else if (x[isp][i] <= 0)
{Ei=0 . 5* (vx[isp] [i] *vx[isp] [i] + vy [isp] [i] *vy [isp] [i]+V2[isp][i]*vz[isp][i])*vscale*vscale*m[isp]/I.6e-19; cn=ceil(Ei/echannel); count[isp][cn]+=l;if (isp ==0) -,{ Electron(); nxe +=1; ,ccc = nxe*nc2p*l,6e-19/t;fprintf(flippp, "%1.91f %f\n", t, Elecur);/* average electron current*/}else
{Ion();
thetax = -atan(sqrt(vy[isp][i]*vy[isp][i]+VZ[isp][i]*vz[isp][i]) /vx[isp][i]);thetay = -atan(sqrt(vx[isp][i]*vx[isp][i]+vz[isp][i]*vz[isp][i]) /vy [isp] [i] ) ;thetaz = -atan(sqrt(vx[isp][i]*vx[isp][i]+vy[isp][i]*yy[isp][i]) /vz[isp] [i]) ;fprintf (flip, "\n%c % d  % d  0 0 0 %f %f %f",elem, Z, Ei, cos(thetax), cos(thetay),cos(thetaz));
nxx += 1;ccc = nxx*nc2p*l.6e-19/t;fprintf(flipp,"%1.91f %f\n",t,loncur); /* average ion current*/
}
/***write the electron energy profile***CHEN***/ :■Electron()
{int cn;FILE *EEPFile;
EEPFile = fopen("Electron","w"); for(cn=0;cn<1024;cn++)
{fprintf(EEPFile,"% d %f\n",cn,count[0][cn]);
}fclose(EEPFile);
}
/***write the ion energy profile**CHEN***/Ion ( )
{int cn;FILE *EPFile;
EPFile = fopen("Ion","w"); for(cn=0;cn<1024;cn++)
(  ! fprintf(EPFile," % d  %f\n",cn,count[1][cn]); !
}  .  jfclose(EPFile);
}
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